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  Abstract 
 
This thesis deals with the applicability of Ion Beam Analysis (IBA) techniques for 
ascertaining the extent of water pollution by analyzing scales of fish that live in pol-
luted waters. As a fish grows, ions from its immediate environment are incorporated 
into the matrix of the fish scale and so scales can be used as biomarkers of pollution 
events. 
 
IBA techniques such as Proton-Induced X-ray Emission (PIXE) and Backscattering 
Spectroscopy (BS) with Electron-Induced X-ray Emission (EIXE, also called Scan-
ning Electron Microscopy (SEM)) are useful non-destructive techniques for examin-
ing the fine-scale (micrometer) distribution of elements in a variety of materials. 
Analysis of the distributions of elements such as metals in biological material can as-
sist in identifying pollutants and sometimes can even pinpoint the timing of pollution 
events. This thesis pilots the use of PIXE in particular and also EIXE and BS, in the 
analysis of fish scales. For PIXE and BS a 1.5 and 3.0 MeV proton beam was used 
for irradiation of the carbon-coated fish scales. The beam was obtained from a High 
Voltage Engineering Van der Graaff accelerator, maximum terminal voltage 6 MV, 
at the Materials Research Department, iThemba LABS in South Africa. For SEM a 
25 keV electron beam was used for irradiation of the scales. The electron beam was 
obtained from a JEOL SEM, Japan. 
 
For comparative analysis, the scales of four species of fish, Pomadasys kaakan, 
Lithognathus mormyrus, Lutjanus gibbus and Pinjalo pinjalo, were used. The matri-
ces of the scales were shown to consist of calcium carbonate, hydroxylapatite and 
keratin. Pollutants such as Cr, Sr and Al were present. The homogeneous distribu-
tion of Al in the scale of Pomadasys kaakan indicates that Al contamination was rel-
atively constant during the life of the fish. The standard deviation of Si concentra-
tion is relatively high due to heterogeneous distribution of the elements in different 
regions of the scale, while Sr concentrations were largely homogeneous. Comparative 
analysis showed that the concentrations and distribution of elements, particularly Al 
and S, were high in the scales of Pomadasys kaakan, due to the presence of these 
metal ions in water. In Lutjanus gibbus however, it was found that Fe and Cr were 
present in relatively higher levels than in the other specimens. 
 
Al and S concentrations were relatively high only in the scale of Pomadasys kaakan. 
One can hypothesize that Al contamination was significant in the river where this 
fish was caught.  
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 A linear traverse analysis shows that the correlation between the concentra-
tions of P and Ca is irregular in some regions due to dispersed distribution of 
the elements. Al contamination also occurs throughout fish scale. The stand-
ard deviation of Si is high due to heterogeneous distribution of the elements in 
different regions of the scale. 
 The quantitative elemental concentration and distributions of elements such 
as Ca and P has the same trend in the third dimension. The elements, except 
Sr, are hetero-geneously distributed although the distributions of the major el-
ements are not affected. In certain parts of the scale the distribution of these 
elements is sporadic and if present they are below the minimum detection  
limit.  
From the comparative analysis of the scales of the four species, it was found that the 
concentrations and distributions of elements, in particular Ca, P, Al, S, Fe and Cr, 
were highest in the scales of Pomadasys kaakan, In Lutjanus gibbus Fe and Cr were 
present at higher levels. 
In the scale of Pomadasys kaakan the concentration of Ca is approximately 1.0% and 
that of P is approximately 0.5%. This yields a concentration of hydroxyl apatite of 
2.5%. Hence the CaCO3 composition is less than 1.0%. Therefore this area predomi-
nantly consists of keratin, approximately 97%.  
The concentrations of Ca and P are 5.0 % and 2.0 % respectively in the scale of 
Lithognathus mormyrus. Considering the P concentration, the concentration of hy-
droxyl apatite is approximately 10.0%. The excess of Ca 5.0 % and hence the CaCO3 
concentration is approximately 1.25 %. Therefore the concentration of keratin in this 
region is approximately 89.0 %.    
The scale of Lutjanus gibbus consists of maximum 25.0% Ca and maximum 12.0% P. 
These concentrations translate to a maximum of 68.0% HAP and 32.0% keratin. 
Moreover, the Ca and P are predominantly located in the circuli of the scale, maxi-
mum 25.0% and 12.5%, and to a less extent in the annulis (maximum 5.0% and 2.5% 
respectively). 
In the scale of Pinjalo pinjalo, the Ca concentration is about 16.0% and the P con-
centration is about 8.0%. This yields an HAP concentration of about 40.0% and ker-
atin concentration of about 60.0%. 
The Al concentration is exceptionally high only in the scale of Pomadasys kaakan. 
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The concentrations of Fe and Cr are much higher in Lutjanus gibbus than in the 
other three species. 
This thesis has shown that nuclear techniques can pinpoint elemental distributions 
very accurately. Further work will be needed to calibrate ambient elemental concen-
trations with concentrations within the scales but the technique should allow us to 
estimate timing of pollution events and possibly even the concentrations of pollutants 
to which a fish is subjected throughout its life. However, due to the high cost of the 
instrumentation, the length of time needed for analysis, and the need for trained per-
sonnel to run the machine, these techniques are unlikely to be used for routine  
analyses. 
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Chapter One    
1 Introduction 
 
 
1.1 General Introduction 
 
There are numerous ways of estimating the quantity of elements that occur as 
pollutants in natural waters. Normal chemical analyses are “spot” measures applied 
to ascertain the extent of water pollution. However, analysis of water samples may 
under- or over-estimate the load of pollutants or their effects on aquatic 
organisms/ecosystems. The use of living organisms as monitoring tools is often a 
better approach and  has many advantages. Organisms living in an aquatic system, 
including fish and invertebrates are constantly exposed to the physical, biological and 
chemical features of the environment and may therefore also be useful indicators of 
pollution. The means of assessing pollution may follow a biological or chemical 
approach. Biological monitoring can provide a measure of the direct adverse effects of 
water and sediment quality by assessing the deviation of a specific biological response 
from a normal value (Shugart et al., 1992; Roux et al., 1993; Svobodova et al.,  
1993). It can also be used to assess pollution by examining concentrations of 
pollutants in the body. 
 
1.2 Scope of investigation 
 
The principal aim of this study is to investigate the usefulness of Ion Beam Analysis 
(IBA) in pinpointing pollutants in fish scales. This study therefore details: 
 
1. The applicability of IBA techniques in identifying the spatial and temporal 
distribution of elements in a fish scale;  
 
2. The application of the IBA techniques in the determination of the extent of 
incorporation of elements considered pollutants into the fish-scale matrix by 
performing: 
 
a. A two dimensional analysis and 
b. A  three dimensional analysis of the fish scale;   
 
3. The application of growth equations to: 
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a. Correlate the length of the fish to the age of the fish, 
b. To correlate the growth of the scale to age of the fish, 
   
4. comparative studies of the distribution of contaminants incorporated in the 
scales of different fish species. 
 
The principal hypothesis of this thesis is presented as follows:  
 
1. Fish scales contain elements bioaccumulated from the water in which they 
live.  
 
2. Accumulated elements in fish scales are differentially distributed throughout 
the scale.  
 
 
3. PIXE can quantify the distribution of elemental concentrations in fish scales 
at a sufficiently fine spatial scale to pinpoint differences in bioaccumulation 
over time.  
 
4. Fine-scale distribution of elements can be used to model growth patterns in 
fish scales.  
 
Pollution is caused when the concentrations of substances are high enough to be 
toxic to organisms living in natural waters. This is detailed in the next section of this 
chapter. In the following section the applicability, previous applications of  IBA 
techniques and optimum instrumental settings are discussed. Afterwards application 
of growth equations and the statistical analyses are detailed. 
 
Chapter 2 describes the methods followed in obtaining the final results. In Chapter 3 
the results and discussions of the two and three dimensional (2-D and 3-D) analysis 
are given. Chapter 4 entails the comparative analysis of the scales of four  species of 
fish. Chapter 5 analyses the growth patterns demonstrated by a fish scale of 
Pomadasys kaakan. Chapter 6 provides conclusions and recommendations. 
 
Various fundamental physical, mathematical and chemical equations regarding the 
analytical techniques, detailed description of geographic areas, and results of water 
analyses are given in a series of appendices. 
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This study is a preliminary assessment of a value of PIXE for pollution studies and 
does not attempt to examine levels of pollution in the fishes‟ environment other than 
to show that trace element pollutants are present in the environment from which the 
fishes were collected. 
 
1.3 Pollution 
 
There are numerous definitions but pollution is commonly accepted to be the addi-
tion of any substance to an ecosystem in quantities that might have detrimental ef-
fects on the ecosystem (Moolenaar, 1998; Freeman, 1990; EPA, 1999; Sigman, 2000; 
Lemly, 2002; Burton, 2002). The elements, C, H, O, P, N, Ca, S, Na, Mg and K con-
stitute the major part, in mass per mass percentage (m/m %)1, of a plant or animal 
body. Hence, small variations at the parts per million concentration ranges of these 
elements, will not detrimentally affect the continued existence of a plant or an ani-
mal (Janvier et al., 2007; Rauch et al., 2009). 
  
1.3.1 Metal pollution of fresh waters 
 
Many natural water resources have, on a world-wide scale, been adversely affected by 
pollution caused by humans in the race to implement technologies by establishing 
more sophisticated industries (Meyers et al., 1992; UNEP & IUCN, 1992; Boer, 1993; 
Ryding, 1994; Ng, Wang & Shraim, 2003; Singh, 2004; Bodansky, 2009). Most of the-
se natural water resources, including rivers, lakes, estuaries, bays and oceans, have 
been contaminated, some b yond remediation (Rakocinski et al., 1997; Hinrichsen, 
1999; Zingde, 2005; United Nations Environment Programme, 2006; Palaniappan, 
Gleick et al., 2011; Wolanski et al., 2011). Some pollutants have directly been dis-
charged into natural water resources by industries and municipal sewage treatment 
plants through sewerage systems (Leland et al., 1978; Geldreich, 1978; Cloete, 1997; 
Field et al., 1998; Koppe, 2008; Ritter et al., 2002; Mason, 2002; Wang, Webber et 
al., 2008). Others originate from polluted runoff from industries in urban and agricul-
tural areas that are located on the periphery of natural water resources (Hammer, 
1992; Chebbo, 1999; Mvungi et al., 2003; Craig, 2005; Wang et al., 2008; Yang, 
2012). 
 
The concentrations of the major elements in water are generally higher than those of 
trace elements (elements present in very small concentrations) (Maret & Skinner, 
                                                 
1 In SI unit: 1% m/m=10 000 ppm= 10 000 mg/kg= 10 g/kg 
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2000). Elements, especially transition elements such as Fe, Cu, Mn, Zn, Ni, Sr and 
Cr, that are present in the environment or body in parts per million concentration 
ranges (ppm or µg.g-1 or mg.l-1 or mg.kg-1) are termed trace elements (Chapman, 1992). 
Elements such as Cd, Hg, Pb and As, which are normally present in the parts per 
billion concentration ranges (ppb or µg.kg-1 or µg.l-1), are termed ultra-trace elements  
(Chapman, 1996). Trace and ultra-trace elements are usually present as ions and 
some might be present as dissolved gases (Schmidt & Forsten, 1977; Aiuppa et al., 
2000; Guo et al., 2005; Craft & Pearson, 2007).  
 
The detrimental effects of toxins are often measured as the amount of the element, 
termed the lethal dose, at which at least 50% of experimental animals (LD50) die 
(Rispin et al., 2002). The numerical values are usually expressed as mass per volume 
that is mg/L or µg/L. LD50 values of some elements such as Al, Cr, Fe and S (Gonza-
lez-Pleiter, Rodea-palomares et al., 2003; Misund et al., 1999; Lech, 2002; Feyera-
bend et al., 2010) are presented in Appendix A. 
Investigations into the pollution of resources have primarily focused on the concen-
trations of trace and ultra-trace elements (Calamari, 1994). Of these elements, Hg, 
Pb, As, Se, Cu, Cr, Cd and Al have been studied in detail because of the presence of 
these metals in the vast majority of industrial processes and manufactured appliances 
and their particularly detrimental effects on living organism, including humans. 
 
Contamination threatens the existence of creatures in benthic sediments, exposing 
invertebrates such as worms, crustaceans and insects to high concentrations of toxic 
chemicals. The killing of benthic organisms reduces the food available to larger ani-
mals such as fish. Contaminants in the sediments are taken up by benthic organisms 
in a process called bioaccumulation (Weis & Weis, 1994; Weis, 1996; Streit, 1998; 
EPA, 1999; Bjorklund et al., 2000; Neff, 2002; Van der Oost et al., 2003; Cornelissen 
et al., 2005; Monperrus et al., 2005; Ruus, 2005; Simpson, Batley et al., 2005; Brack, 
Bandow et al., 2009). When larger animals feed on these contaminated organisms, 
the toxins are taken into their bodies, and so move up the food chain. The larger or-
ganism consumes numerous of these smaller contaminated organisms. As this result, 
fish and shellfish, waterfowl, and freshwater and marine mammals may accumulate 
hazardous concentrations of toxins (Walsh, 1990; Steffens, 1997; Shumway, Allen and 
Boersma, 2003; Tuzen and Soylak, 2007). This process is termed biomagnification. 
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Moreover, under acidic conditions, free mono and polyvalent ions of many metals 
may be absorbed by fish gills directly from the water. Hence, concentrations of heavy 
metals in the organs of fish are determined by the level of pollutants in both water 
and food (Yilmaz and Dogan, 2008; Rauf, Javed and Ubaidullah, 2009; Tuzen, 2009; 
Yilmaz, 2009). Chemical elements accumulated in the silt and bottom sediments of 
water bodies can be released and migrate back into the water, becoming a secondary 
source of heavy metal pollution (Lacoul & Freedman, 2006; Singh, S.K., Subramani-
an, V. & Gibbs, R.J., 2009; Wuana and Okieimen, 2011). 
 
Many elemental contaminants eventually become incorporated into the sediments, 
where they are stored. Any process such as dredging and flooding that stirs up the 
water, can resuspend the sediments. With resuspenion, the animals in the water, and 
not just the bottom-dwelling organisms, will be directly exposed to toxic chemicals 
(Williams, 1964; Knezovich et al., 1987; Giulio et al., 1989). 
 
Different aquatic organisms respond to external contamination in different ways, de-
pending on the quantity and form of the element in water, sediment or food (Kustin 
& McLeod 1977; Pendias & Mukherjee, 2007). The region of accumulation of heavy 
metals within fish varies with the route of uptake, the element concerned and the 
species of fish concerned. The potential use of fish as biomonitors of metals poisoning 
is significant in the assessment of bioaccumulation and biomagnifications of contami-
nants within the ecosystem (Peirce et al., 1998; Barwick & Maher, 2003; Malik and 
Zeb, 2009). 
 
1.3.2  Toxicity of trace elements 
 
Below follows a brief summary of the toxic effects of some elements occurring in in-
dustrial effluents such as those encountered in this study.  
  
Humans are primarily exposed to methylmercury through diet, especially fish, and 
elemental mercury from dental amalgams and occupation hazards such as small-scale 
mining (Gerhardsson et. al., 1994; Bidone et. al., 1997; Akagi et. al., 2000; Peakall & 
Burger, 2003; Yokoo et. al., 2003; Scheuhammer et. al., 2007; Mergler et. al., 2007; 
Feng et. al., 2007; Diez, 2009; Holmes et al., 2009; Zhang et. al., 2010). The effects of 
Hg include the alteration of genetic enzyme and immune systems and damage to the 
nervous system (Mergler et al., 2007; Castoldi et al., 2008). Efforts have been made 
by the Community Strategy Concerning Mercury (European Commission, 2005; Selin 
& Selin, 2006; Rodrigues et. al., 2006; Ronchetti et. al., 2006; Joas et. al., 2012;  
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Pereira et. al., 2008) to reduce mercury exposure to humans and consequently the 
high levels of Hg in the environment. 
 
Arsenic and selenium have become increasingly important in environmental  
geochemistry because of their significance to human health (Abrahams, 2002; Liu et 
al., 2007). Their concentrations vary markedly in the environment, partly in relation 
to geology and partly as a result of human activity (Jain and Ali, 2000; Plant et al., 
2001; Civera, Esquivias et al., 2002; Rayman, 2002; Plant et al., 2003; Terlecka, 
2005; Fiket et al., 2007). Arsenic is highly toxic and can lead to a wide range of 
health problems in humans. It is carcinogenic, mutagenic, and teratogenic (Leonard 
& Lauwerys, 1980; Leonard & Lauwerys, 1990; Gerber et al., 2002; Nordberg, 2007).  
 
Symptoms of arsenicosis include skin lesions and skin cancer. Internal cancers, nota-
bly bladder and lung cancer have also been associated with arsenic poisoning. Other 
health problems include cardiovascular disease, respiratory problems, and diabetes 
mellitus. There is no evidence of a beneficial role for arsenic (National Research 
Council, USA, 1999; Salt et al., 2002; Verbeke et al., 2005; Kalia et al., 2005; Ma et 
al., 2008; Verbruggen et al., 2009). Indeed, the precise nature of the relationship be-
tween arsenic dose and carcinogenic effects at low arsenic concentrations remains un-
resolved (Penrose & Woolson, 2009). 
 
Trace concentrations of Se are essential for human and animal health. Until the late 
1980s, the only known metabolic role for selenium in mammals was as a component 
of the enzyme glutathione peroxidase (GSH-Px), an anti-oxidant that prevents cell 
degeneration. There is now growing evidence, however, that a seleno-enzyme plays an 
important part in the synthesis of thyroid hormones (Arthur & Beckett, 1994). Sele-
nium deficiency has been linked to cancer, AIDS, heart disease, muscular dystrophy, 
multiple sclerosis, osteoarthropathy, immune system and reproductive disorders in 
humans, and white muscle disease in animals (e.g. sheep and goats) (Plant et al., 
2005; Fordyce, 2005; Fordyce, 2013). The deficiency of selenium in humans has also 
been implicated in the incidence of the heart disease, keshan disease and an osteo-
athropathic condition known as Kashin-Beck disease (Hollard & Turekian, 2004) in 
extensive regions of China. 
 
Strontium-90 was extensively dispersed on a world-wide basis during 1950s and 1960s 
as a consequence of exploding nuclear bombs and releasing toxicity of strontium into 
the environment (Vohra & Mishra, 1960; Owen, 1997; Richardson, 2004). It is con-
sidered to be one of the most hazardous constituents of nuclear waste. The Cherno-
byl nuclear accident in Russia introduced large quantities of strontium-90 into the 
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environment (Avery, 1996; Imanaka, 1997; Borovoi & Gagarinskii, 2001; Ryabzev, 
2002). Strontium-90 has been dispersed in large quantities over Northern Europe and 
worldwide. It concentrates in the bones and teeth causing bone cancer, cancer of the 
soft tissue near the bone and leukemia (Ginzburg & Reis, 1991; Hinton et al., 2007; 
Anspaugh, 2008).  
 
Cadmium and Cu are also toxic to humans. It has been estimated that about 0.5 mil-
lion metric ton of Cd and 310 million metric tons of Cu have been mined and ulti-
mately deposited into the biosphere (Gupta, 2011). In many instances, the inputs of 
these metals from anthropogenic sources exceeded the contributions from natural 
sources (weathering, volcanic eruptions, and forest fires) by several orders of magni-
tude (EPA, 2007). These elements are present in the waste of industries such as alu-
minium smelter, textiles, painting and others. 
 
Various diseases have been associated with toxic concentrations of Al, especially un-
der acidic conditions (Macdonald & Martin, 1988; Campbell, 2002; Kawahara, 2005). 
Solid Al is solubilized to the hydrated form of Al3-[(H20)6]
3+. The element has been 
found to be a selective neurotoxin with specific affinity for the brain causing progres-
sive encephalopathy (McLachlan et. al., 1996), neurofibrillary entanglement (Wang 
et al., 2007), increase in permeability of blood-brain barrier (Huang, Li & Sumner, 
2011) and other neurotoxicological diseases (Mohan et al., 2006). It has also a signifi-
cant effect on fishes for example the gills function less efficiently (Raymond & Felix, 
2011). 
 
The emission rate of trace metals into the atmosphere is low due to their low volatili-
ty. According to Kersten & Forstner (1995), river sediments, lake sediments and ur-
ban particulate matter appear to have between 50 and 70 % m/m of the metal con-
tent. Furthermore, with the advent of large scale metal mining and smelting, the 
emission rate of these metals has increased dramatically. Most of these emissions are 
released into the atmosphere. As a consequence of these emissions there has been the 
increase in the occurrence of health problems such as lead poisoning, Cd itai-itai dis-
ease, and Cr and Ni carcinogenesis (Odoemelan et al., 2011; Al-Rashdi et al., 2011). 
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1.4 Types of biomonitoring 
 
Worldwide, various methods for accertaining whether pollution has occurred have 
been applied2. The ease of application and the specificity of these methods also vary. 
For the purpose of this study the ease of applicability and specificity were divided in-
to four levels. These levels are the community level, micro organism pathogenesis, 
chemical marks and tissue analysis. 
Pollution can be investigated both chemically (i.e. what pollutants are present) and 
biologically (i.e. the effects of pollutants on organisms and therefore ecosystems). 
Direct chemical analyses in water or sediments after most pollution events, 
substances may be hard to measure or present in minute quantities, and do not tell 
us what effects they will have on the environment. 
Therefore bioassessment is often used. Biomarkers can be at level of  
a) whole ecosystem (e.g. analysis of invertebrate or diatom assemblages); 
b) individuals (e.g.analysis of loads of heavy metals in muscle and other 
organisms e.g. eels) or mosses (or other fish); 
c) biochemical markers (e.g. cytochrome P450, acetylcholinesterose activity, 
 etc.) 
It is necessary to distinguish between use of whole organisms and assemblages (e.g. 
SASS) and methods assessing chemical components (e.g. cytochomes, acetyl- 
cholinesterase of organisms, etc). 
1.4.1 Community level               
Levels of pollution can be assessed by examining the effects on all the species of a 
particular kind in an ecosystem for instance, using the South African Scoring System 
(SASS) (Chutter, 1998). SASS is a biomonitoring system using invertebrates to 
assess water quality of rivers and streams (Dallas, 1997; Wertz et al., 2004). Such 
techniques are useful for assessing general levels of pollution but are not able to 
identify particullar pollutants or to quantify them.  Due to their visibility to the 
naked eye, whole invertebrates are valuable organisms for bioassessment (Dickens & 
                                                 
2 In this work will be used the term “method” which would indicate a logical procedure for analysis and “tech-
nique” where a specific instrument has been used. 
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Graham, 2002) since the different species respond differently to the effects of past 
pollution. 
According to Becker et al. (2007), WHO (2007), Bonanno & Giudice (2010), 
biological monitoring should not be seen as an alternative to physical and chemical 
monitoring but they should be seen as useful complementary approaches. Although 
physical and chemical analyses can identify that many contaminants may be present, 
biological methods can integrate responses to combinations of all contaminants and 
to other sources of environmental stress, thereby indicating the overall health of a 
water body (Cooper, 1993). 
It is difficult to ascertain timing of pollution events from any of these bioassessment 
procedures. For this reason, this work investigated the use of fish scales for assessing 
environmental contaminants. If differences in concentrations of pollutants (e.g. Al) is 
discernible in the scale then essentially a history of the pollution events that occurred 
in the environment of the fish during its lifetime. 
 
1.4.2 Chemical and biological markers                          
Numerous biochemical makers are used to estimate the degree of pollution by various 
substances. The induction of cytochrome P450 (Bucheli & Fent, 1995) has been 
applied various animals to ascertain the extent of pollution. Cytochrome P450 is an 
enzyme that catalyzes the oxidation of organic substances such as pesticides in lipids. 
Mosses have been extensively used to monitor trace, minor and major metal 
concentrations because of their tendency to selectively adsorb heavy metals (Bargagli 
et al., 1995; Poyy & Turpin, 1998; Vuori et al., 2003; Ogunfowokan et al., 2004). Eels 
have been largely used to investigate halogenated organic chemicals, which can be 
absorbed into fatty deposits within the eel (Belpaire & Goemans, 2007).  
 
Organisms such as algae take up nutrients and elements through absorption from the 
ambient water. These nutrients and elements will have different effects on the 
organisms depending on their physiology. Many algae and plants for example 
generally do not respond negatively to a host of elements. Plants and algae may be 
affected by pollutants. Some fish species feed on the algae containning the pollutants 
such as heavy metals and concequently become contaminated with these metals.  
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Animals on the other hand respond more to elevated levels of nutrients and elements 
and so are affected more so. An animal that consumes a plant or a and algae can be 
detrimentally affected while the plant/algae itself may not. Furthermore, there are 
even animals (e.g. mussels and other filter feeders) who are also accumulators of 
heavy metals while they themselves seen to be unaffected by levels of 
nutrients/elements. However, the organisms (e.g. fish, etc) that eat these filter 
feeders can be adversely affected simply because their physiolologies are not adapted 
to such levels. 
 
Algae and cyanobacteria are tiny organisms that occur naturally in saltwater and 
freshwater and have been widely used for water quality monitoring e.g. to avaluate 
eutrophication and turbidity. They are frquently affected by physical and chemical 
variations in their environment. 
 
1.4.3 Mussels and Pollution 
 
The class Bivalvia comprises sedentary filter-feeding invertebrates that can 
accumulate pollutants from the environment. Since mussels are a large source of 
bacterial contamination and pollution by heavy metals, they have been the subject of 
extensively toxicological investigations (Bayne, 1976; Hunt, 1993; Caussy, et al. 2003; 
Islam, 2004; Morley, 2010). According t  Alyakrinskaya (1967), many Bivalvia were 
identified as being tolerant of a wide range of environmental contaminants.  
 
Mussels were often found as a subject to sewage pollution because of their coastal 
and estuarine distribution and commercially exploited (Lusher, 1984; Kennish, 2002; 
Perrow & Davy, 2002; Amaral, 2005). Also mussels can be contaminated with 
bacterial and viral pathogens particularly when the mussels are eaten raw or only 
lightly cooked (Crocci et al. 2001). When mussels are contaminated with bacteria of 
non-faecal origen e.g. Vibrio parahaemolyticus, was identified as responsible of cases 
of food poisoning in Japan (Chiang et al. 2008). The Salmonellae bacterial which 
include organisms responsible for typhoid fever and other large bacterial species such 
as Shigella which can cause dysentery and viral infective hepatitis associated with 
shellfish are well- documented (Rippey et al. 2005; Ahmed, 2007). 
  
1.4.4 Tissue analysis           
 
Contaminants such as metals and organic compounds can be found in the tissues of 
organisms (Pohjanvirta & Tuomisto, 1994; Garbarinho et al., 1995; Chapman & 
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Jackson, 1996; Jarup, 2003; Okey, 2007). Furthermore chemical analysis of the 
appropriate biological tissues can be used to show the level of contamination in the 
organism and in some instances monitor the spatial distribution or accumulation of a 
specific contaminant in the environment (UNEP, 1996; Canesi et al., 1999; Viarengo 
et al., 1999; WHO, 2006; Van de Berq et al., 2006; Luy et al., 2012). 
 
The determination of body and carcass compositions is important for evaluating 
growth performance and in predicting energy and nutrient requirements of cattle 
(AFRC, 1993; NRC, 2000; CSIRO, 2007; Bonilha et al., 2008). The most accurate 
method for determining animal body composition is through the analysis of the 
empty body (Howe & Hankins, 1946). However, this method is costly time 
consuming, and sometime not feasible. However it is therefore necessary to select and 
find alternative methods that could be used to estimate empty body and carcass 
compositions with satisfactory accuracy (Brown et al., 1951; Keys & Brozek, 1953; 
Siri, 1961; Adam & Smith, 1966; Joblin, 1966). Several prediction methods useful in 
body composition studies were developed (MacNeil, 1983).  
 
For evalution of long-term environmental conditions over a broad area, such as a 
river stretch or a lake, the monitoring of fish species has several advantages 
(Chapman, 1996; WHO & UNEP, 1996; Attrill & Depledge, 1997). Fish are 
relatively long lived and mobile and because different species cover the full range of 
trophic levels (omnivores, insectivores herbivores, piscivores and planktivores) fish 
community structure is a good indicator of overall environmental condition (Darwin, 
1874; Thomson, 1950; Grosberg & levitan, 1992; Mayr, 1996; Strathmann et al., 
2002; Atema et al., 2002). Furthermore fish are an important source of food for 
humans and it is therefore particularly important to assess potential contamination 
(Van Dam, 2002; May & Burger, 2006; WHO, 2007).  
 
Various animal body parts have been analyzed to ascertain levels of contamination 
using nuclear methods. Particle-Induced X-ray emission (PIXE) has been used 
extensively for elemental concentration analysis of blood sera of breast cancer 
patients for instance (John et al., 2005; Raju et al., 2006; Guntupalli et al., 2007; 
Sarita, et al., 2012) because trace elemental imbalance in humans can exert direct or 
indirect action on the carcinogenic process (Kasprzak, 1991). Use of the Tandem 
Pelletron accelerator at Bhubaneswar Physics Institute, India found a significant 
variation in the level of most trace elements in the sera of breast cancer patients 
when compared to sera of control subjects (Irigaray et al., 2007).  
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Trace elements such as titanium, vanadium, chromium, manganese, iron, cobalt, 
nickel, copper, zinc, arsenic, selenium and bromine were determined and averaged 
separately for the normal and cancer group (Foley & Missingham, 1976; Maenhaut, 
1988; Panling, 1988; Neff, 2002; Miller, 2004; Kuo, et al., 2002). According to Raju et 
al., (2005) and Robert et al., (2006), the results obtained for reference materials of 
bovine liver and apple leaves was used to compare the relative concentration of 
different elements in the breast cancer patients and with those of healthy controls 
and showed high level of Cu in the serum of breast cancer patients may 
cause/increase led with tumor progression (Sawyers et al., 1987; Stohs et al., 1995; 
Decarli et al., 1996; Nair et al., 2004; Birch et al., 2006). According to Huang et al. 
(1999) and Zowczak et al. (2001), the decrease in antioxidant and the decline in 
immunological competence can influenced the carcinogenic process due to depressed 
levels of chemical metals such as Zn and Se.  
 
Otoliths or ear stones in fish are hardened calcium carbonates organs, responsible for 
the senses of gravity and of linear acceleration. The composition determined by 
Nuclear microprobe (NMP), is relatively pure compared to most biological and min-
eralogical structures being dominated by calcium carbonate in a non-collagenous or-
ganic matrix. The elemental composition is dominated by the major elements calci-
um, oxygen and carbon, which make up the calcium carbonate (CaCO3) matrix. The 
elements Na, Sr, K, S, N, Cl and P have been identified in otoliths using PIXE while 
the bulk of the trace elements are present at concentrations of less than 10 ppm 
(Aubert et al., 2012). Campana et al., (1977) reported that the otoliths of the fish 
Micropogonias ungulates were composed mainly of calcium carbonate, with traces of 
inorganic impurities (Edmonds et al., 1992; Campana et al., 1994; Shiller, 1997; La-
ban & Atkin, 1999; Patterson et al., 1999; Yoshinaga et al., 2000) and protein con-
centrations (Asano & Mugiya, 1993; Hoff & Fuiman, 1993; Houtman, 1996; Campana 
et al., 1997). 
 
Nuclear microprobe analysis of muscle biopsies by Moretto et al. (2000) demostrated 
that quantitative information on trace elements and mineral ions could provide 
information on pathogenesis of certain diseases. 
 
However, experimental preparation of samples is destructive and entails drying and 
grinding parts of, or the whole body, which it therefore destroyed (Macaire, 2010) 
and (WHO, 1997). More so, the analysis gives no indication as to when pollution 
occurred, only that it occured during the life span of the organism (Holt et al., 2011). 
The outcome is that the timing of pollution events cannot be pinpointed (Nkala et 
al., 2012). It would therefore be ideal to have methods available that enable non-
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destructive preparation and determination of elemental pollutants present in the 
specimen (Johansson, 1989; Vandecasteele, 1997; IAEA, 2003) and that would allow 
an estimate of the timing of such events. 
  
1.5 Pollution control in Mozambique 
 
In Mozambique, an industrial revolution has occurred along the Matola River 
catchment. The increase in pollution in the study country Mozambique is phenome-
nal (INE, 1994; Chambote & Shankland, 2011) and vast quantities of toxins are be-
ing poured into the environment in Mozambique without any notable effort to study 
their fate or effects (Chorus, 1999; De Villiers, 2001; Bojcevska & Jergil, 2003). It is 
also uncertain whether the present rates of mobilization and changes of metallic dis-
tribution are within pollution control limits (Landrigan et al., 2002; Maas et al., 
2005; Swain et al., 2007; Spiegel, 2009; Grant et al., 2009; Watts, 2009; UN, 2011).  
 
Sea water has been strongly affected by microbial pollution along the bay. Industrial 
pollution associated with port operations and factories also affected the water quality 
of the western part of the Bay Maputo (Fernandes, 1996; Waelde & Fernandez, 2005; 
McGranahan et al., 2009; WIO Region, 2009; Ascher, 2009). However, the amount of 
chemical pollution of the Maputo Bay caused by washed-out pesticides and fertilizers 
along the Inkomati, Umbeluzi, Futi, Tembe and Maputo rivers which discharge in 
Maputo Bay, remains unknown (MICOA, 2000; Huhn, 2001). 
 
1.5.1 Contamination of Matola River catchment area 
 
Various industries are found on the banks of the Matola River in southern of Maputo 
Mozambique. These include an aluminium smelter, textile manufacturers, paint 
manufacturers, motor vehicle battery manufacturers and plastic, fertilizer, steel and 
cosmetics industries (Simmons et al., 1978; Jenkins, 2000; Castelo-Branco, 2004; 
Bhatt, 2006; EPA, 2009). According to Crepeau et al. (1992), Chen et al. (2000), 
Akhter & Jowder (1997) and Schintu & Degetto (1999), effluent from aluminium 
smelters contains significant quantities of Al, S and Ni. The characterization of efflu-
ent emanating from the textile industries has been studied in detail (Yusuff & Soni-
bare, 2004; Sahoo et al., 2012).  
 
Elements, in ionic form, which pose a threat of pollution, include P, S, Hg, Pb, Cd, 
Cr, Cu, Ni, Zn, Fe and Mn (Kiefer et al., 1995; Wells, 2002; Camara et al., 2004;  
Le et. al., 2005). These elements, as ions, are also prevalent in the effluents  
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originating from other manufacturing industries and are disposed of in the river in-
creasing the toxic load (Lokhande et. al., 2011). There are various natural and an-
thropogenic sources of these heavy metals in the environment (Moore & Rastmanesh, 
2011) but mining and smelters industries have become the major sources of metals 
emissions  
into the rivaine and marine environments as tailings and to the atmosphere as metal-
rich dust as a result of high-temperature refining processes (Wong, 2006). 
 
1.5.2 Need to evaluate quantities, time and types of metal pollution 
 
Various species of fish are found in the Matola River, the Tembe River, the Espirito 
Santo Estuary and Maputo Bay and are an important source of proteins for the 
human consumssion. It is therefore of practical value to evaluate the extent of 
pollution and to illustrate the applicability of IBA in water pollution. It would be 
valuable to ascertain types and quantities of pollutants and timing of effluents 
entering in the rivers. This thesis reports on pilot studies using a novel combination 
biological material and physical technique such as Proton-Induced X-ray Emission 
(PIXE), Electron-Induced X-ray Emission (EIXE) also called Scanning Electron Mi-
croscopy (SEM), and Proton Backscattering Spectroscopy, also called Backscattering 
Spectroscopy (BS) to quantify trace elements accumulating in fishes from Maputo 
Bay. 
 
1.5.3 X-ray emission (XE) techniques 
 
Two non-destructive techniques used in quantification of elements, often heavy 
metals, are X-ray emission (XE) (Johanson & Johanson, 1996) and backscattering 
(BS) (Chu et al., 1978). In principle, atoms in the sample matrix are bombarded 
with a particle that may be a proton, a deuteron or an electron. When the emission 
of X-rays is induced by protons the term proton-induced X-ray emission (PIXE) is 
used (Johannson, 1975). However, the “P” in PIXE is normally associated with 
particles which include protons, deuterium, alpha and other heavy ions and not as 
protons per se. When the emission is induced by electrons the term electron-induced 
X-ray emissions (EIXE) (Small et al., 2002) is used. EIXE is sometimes also referred 
to as scanning electron microscopy (SEM). BS is normally induced by protons (Chu 
et. al., 1978; Malmqvist, 2004; Malmqvist, 2005; Benzeggouta, 2011; Jeynes, 2012) 
and for this reason BS analysis is done simultaneously with PIXE analysis. Since 
PIXE and SEM differ in the particle used to induce X-ray emission, these two 
techniques are not performed simultaneously. Analysis done with the PIXE and BS 
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techniques is collectively known as Ion Beam Analysis (IBA). Since in SEM analysis 
a beam of electrons is used, this technique is normally not considered as an IBA 
technique. 
  
1.6 PIXE 
 
PIXE techniques have been used world-wide to quantify trace and ultra-trace ele-
ments (Brown & Milton, 2005) and can provide quantitative analyses of elements in 
solid materials. The SEM may be used to quantify the major or matrix elements of 
specimens. The disadvantage of PIXE is that the minimum detection limit realizable 
is approximately 1 ppm. The most important aspect of PIXE, BS and SEM analyses 
is that these analytical techniques are non-destructive under most circumstances. Al-
so the location and distribution of the analyte with respect to other elements in the 
matrix can be ascertained to the nearest micrometer. With PIXE, BS and SEM only 
elemental analyses can be performed; hence, molecular species such as polyions (ni-
trates, phosphates, sulphates, acetates, etc.) cannot be determined. 
  
1.6.1 Principles of X-ray emission analysis (XE) 
 
The atom according to Bohr‟s atomic theory consists of a nucleus at the center with 
one or more electrons revolving around the nucleus along different energy orbits. The 
nucleus is fundamentally composed of protons and neutrons, collectively called nucle-
ons (Weisskopf, 1959; Myers, 2003; Escultura, 2010). The electronic structure of the 
atom according to the Bohr theory states that electrons in an atom rotate around 
the nucleus in discrete energy orbits or shells. The energy shells, termed K shell, L 
shell, M shell, N shell, and so forth are stationary and arranged in order of increasing 
energy. When the transition of an electron occurs from an upper shell to a lower 
shell, the energy difference between the two shells is released as photon radiation.  
 
If the electron is raised from a lower shell to an upper shell, the energy  
difference between the two shells is absorbed and must be supplied for the transition 
to occur. With data obtain from XE analysis, a spectrum of the concentration of the 
element and the energy can be determined. The principle involved in X-ray emission 
(XE) is inducing the production of X-rays in the bombardment of the atoms of an el-
ement present in a specimen with an intermittent beam of particles such as protons 
(PIXE) and alphas (AIXE). When an atom is bombarded an inner shell electron is 
ejected. Then the vacancy is immediately filled with an electron from an outer shell. 
On return, the atoms emit characteristic X-rays that have a known energy depending 
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on the atom and the initial or ground energy level. This returning of the electron is 
termed transition.  
 
According to quantum theory, each shell is designated by a quantum number n, 
called principal quantum number denoted as an example, 1 for the K shell, 2 for the 
L shell, 3 for the M shell, 4 for the N shell, and 5 for the O shell. Each energy shell is 
subdivided into subshells or orbitals, which are normally, termed s, p, d, f and so 
forth. The transitions filling the vacancies in the innermost shell are called K X-rays 
and those filling the next shell are L X-rays, whose energies are lower. 
 
The inner-shell vacancy creation is illustrated in figure 1.1. A beam of protons is 
used to eject inner-shell electrons from atoms in a specimen. When the resulting va-
cancies are filled by outer-shell electrons, characteristic X-rays whose energies  
identify the particular atom are emitted (Dyson, 1990). 
 
 
Figure 1-1 Illustration of the a) inner-shell vacancy creation and b) consequent X-ray transition as a 
result of excitation induced by a beam of particles, such as protons or alphas (Campbell, 1988). 
 
 
X-ray emission analysis in olves both a means of exciting the atoms of a specimen so 
that they will emit characteristic X-rays and a means of detecting and identifying 
these so that their intensities can be converted to elemental concentrations in the 
specimen. 
 
In the process of bombarding a sample with a proton beam, the beam loses some  
energy while knocking off electrons from the inner shell of the atom resulting into an 
unstable atomic configuration. During excitation, electrons from higher energy levels 
fill up the vacancy and characteristic X-rays are generated (Morita, 1973; Garcia, 
Fortner and Kavanagh, 1973). The bombardment of an atom of low atomic number 
(Z) yields X-rays of low energy, since transitions of the K shell to the L shell depend 
on the filling of, for instance, the 2s and 2p orbitals. Therefore high Z atoms produce 
X-rays of high energies. When an electron returns from L-shell to K-shell the X-ray is 
called Kα X-ray, and similarly Kβ X-ray when electron returns from M-shell to  
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K-shell. L X-rays are formed when electrons from higher shells return to the L shell 
and so on for the other lines of X-rays. These transitions are illustrated in figure 1.2. 
The emission of K or L X-rays will depend on the specific inner shell from which the 
electron is removed. This concentration of the element is proportional to the number 
of atoms in the specimen. The yield of the concentration is given by the equation of 
(Johansson & Campbell, 1988) see Appendix B. 
 
 
 
 
 
 
The fundamental theoretical physical principles of PIXE have been detailed by Jo-
hannson & Campbell (1988). Furthermore, the background determinations and min-
imum detection limits (MDLs) have been established (Ishii et al., 1988) for various 
sample matrices. MDLs (see Appendix B1D) of down to 1 ppm were obtained. In ad-
dition, applications have been made before. Mars, (2004) investigated matrices such 
as steel, superconductors and aluminium and zirconate. In that study the MDLs were 
down to 1 ppm. Recently, Guambe et al., (2012a) and Guambe et al., (2012b) in the 
determination of Al incorporated into fishscale matrices obtained MDLs in the order 
of 2-3 ppm. These studies all attest to the applicability of PIXE as an analytical 
technique. Computational software (GeoPIXE) has been used for quantification of  
X-ray emission data (Ryan et al., 1995).  
 
The most common detector used for acquiring X-ray emission data from PIXE is a Si 
(Li) detector with a thin beryllium window. The detector has high efficiency for  
X-ray energies between 5 and 20 keV, in which most of the elements of interest in 
Figure 1-2 Illustration of the transitions that give rise to the various K, L, M and N emission lines 
(Kortright & Thompson, 2011). 
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biological analysis lie. The Si (Li) detector is capable of resolving X-ray emissions as 
closely spaced as 150 eV and as a result 20-30 elements can be readily be quantified 
at the same time. Filters are absorbing foils normally placed in front of a detector to 
attenuate the bremsstrahlung background and the dominant low energy X-rays peaks 
found in biological materials. They are also important in preventing recoiling protons 
from damaging the Si(Li) detector. Filters can be constructed from several materials 
such as low atomic number elements such as Na, Mg (Z<10) (Ryan et al., 1995). 
 
1.7 Backscattering spectrometry (BS) 
 
The fundamental physics principles of backscattering spectrometry have been  
detailed by Chu et al. (1978), Borgesen et al. (1982), Assmann et al. (1994) and  
Cohen et al. (2001) (see details in Appendix B2E). Applications for determining 
MDLs for various matrices have also been extensively applied (Mars, 2004). Compu-
tational software for quantification of backscattered data is available (Meyer, 1999). 
 
1.8 Scanning electron microscopy (SEM) 
 
In SEM the principle of analysis is the same as for PIXE. In PIXE, however the 
bombarding particles are a proton, deuterium, an alpha particle or heavy ions. In 
SEM the bombarding particles are electrons. The proton is about 2000 times heavier 
than the electron. This means that the force with which the electrons in the atom are 
excited is more in the case of PIXE than in SEM. Therefore with SEM mostly light 
elements such as C, O and N, electrons are excited. Also the bombarding energy of 
protons is set at 3.0 MeV whereas with electrons it is usually 25 keV.  
 
Furthermore, during the excitation of light elements with protons the X-ray energy is 
absorbed in the window of the detector and hence X-rays of light elements are not 
detected in the spectrum of the X-ray emission data. This means that the minimum 
detection limit of PIXE is much lower (approximately 2000 times) than of SEM. 
Thus MDLs for SEM are of the order of 0.1% m/m and for PIXE is in order of 1 
ppm. Thus trace and ultra-trace elements cannot be determined using SEM.  
 
Hence SEM is used to quantify the major or matrix elements of specimens and PIXE 
is used to quantify the trace and ultra-trace elements. The Nuclear Microprobe 
(NMP) houses both PIXE and BS data detection instrumentation and is versatile in 
that specimens can be analyzed with the two techniques simultaneously (Rutherford, 
1911; Goldstein et al., 1959; Themner et al., 1991; Mando et al., 2009), (see Appen-
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dix B1B). Backscattered particles resulting from the BS analyses can damage the 
window of the detector of X-ray emissions. However, for this reason and to amplify 
the X-ray emission data, an absorber (also termed a filter) is placed in front of the 
PIXE detector. 
 
The most important aspect of PIXE, BS and SEM analyses is that these analytical 
techniques are multi-elemental, sensitive and non-destructive X-rays characteristics 
with the advantage of micro-beam scanning ability. This means that the samples 
once prepared can be analyzed again. Also the location and distribution of the  
analyte with respect to other elements in the matrix can be ascertained. A major  
disadvantage of PIXE is that the minimum detection limits realizable is approxi-
mately only 0.1 ppm for PIXE.  
 
With regard to toxicity, this disadvantage however only applies to elements that are 
below this detection limit, such as As. With SEM molecular species such as polyions 
of nitrogen and carbon can be determined. This means that if NO3
- ions are to be an-
alyzed, any other nitrogenous substances such as NH4
+, NO2
- and organic nitrogen 
will all be analyzed as N; similarly, for C for the ions CO3
2-, HCO3
- and so forth. 
 
1.8.1 Limitations of the techniques 
 
The optimum beam energy for PIXE analyses of biological samples is between 2 and 
3 MeV depending on the elements of interest (Calligaro et al., 2004). At this energy 
backscattered particles may damage the detector window. For this reason an  
absorber is placed between emitted particles and the window of the X-ray detector. 
The window of the X-ray detector consists of layers of the elements beryllium (Be) 
with thickness of 8.5 m, gold (Au) with 0.02 m of thickness, aluminum (Al), and 
thickness of silicon (Si) is around 0.018 m.  
 
This means that the X-rays resulting from the bombardment of atoms of atomic 
weight between C and Mg are absorbed in the window of the X-ray detector and 
therefore do not reach the detection system inside the detector. Hence, elements with 
atomic number lower than and equal to that of Mg cannot be detected. Elements 
with higher atomic numbers can be detected. Thus, for keratin (KRT) only S can be 
detected, for calcium carbonate (CCB) only Ca, and for hydroxy-apatite (HAP) only 
Ca and P can be detected. Hence, elements with lower atomic number for KRT such 
as C, O and N; for CCB a group of elements C and O and for HAP elements such as 
C, O and H, it is necessary to apply SEM. 
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1.8.2 Biological applications of nuclear microscopy 
 
Elements in biological samples such as plant tissues are widely analysed using PIXE 
(Malmquist, 1990) to determine trace element concentrations due to migration from 
mineral deposits underground and certain plant species are used as indicators of  
specific type of mineralization ore deposits (Maenhaut, 1988). A proton beam from a 
tandem accelerator of the Institute of Physics, Bucharest has been used for  
determination of major, minor and trace elements in environmental samples  
(vegetable leaves and soils) (Bancutaet al., 2006; Popescu et al., 2007; Cristache et 
al., 2008; Ene et al., 2009).  
 
PIXE was able to identify the elements such as S, Cl, K, Ca, Ti, Mn, Fe, Ni, Zn and 
Sr in vegetable samples and elements such as K, Ca, Mn, Fe, Cu, Zn, Cr, Sr and Mo 
in soils samples with uncertainties of the order of 10%. Using such techniques it has 
been showen that the toxic element Sr is high in vegetables and in the surface of the 
soil and decreases inside the soil (Ene et al., 2001; Olariu et al., 2008; Popescu et al., 
2009). Land mammals, birds, fish and insects may be used to identify mineralization 
(Cannon & Taxon, 1971; Mirzai et al., 1990). PIXE has been used to identify the  
localization of trace metals in hyper accumulating plant species (Siegele et al., 2008).  
 
Ion Beam Analyses (IBA) may contribute to the improvement of the accuracy of  
deviation errors of the concentration factors which are expected to be indicators for 
doses of radiation caused by environmental radioactivity (Ishikawa et al., 1990). It 
has been found that data obtained from scanning analysis may suggest that elements 
deposited into the environment are as a result of specific activities or due to the am-
bient conditions such as environmental pollution by the metals (Ishikawa et al., 
1990). 
 
Information on the accumulation of elements especially with regard to age and  
species, accompanied by information on the growth of organisms may contribute not 
only to the field of physiology but also to the radiobiology (Davis & Foster, 1958; 
Whicker & Schultz, 1982; Ishihawa et al., 1990; Hall, 2006) of the organisms of  
concern. Accumulation of an element may be due to natural bioaccumulation (i.e. 
part of an organism‟s natural physiology) or it may be induced by increased ambient 
concentrations.  
 
PIXE analysis is clearly effective in its ability to detect elements below a few ppm 
levels, and provides further possibilities for collecting information from bio-medical 
and environmental samples on trace elements. PIXE as a multi elemental technique 
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in combination with a high sensitivity permits the determination of many trace ele-
ments in one single run. For instance the minimum detection limit in the case of an 
organic matrix is in order of 10-6 -10-7 ng/ml. 
 
Although other techniques such as inductive coupled plasma mass spectrometry 
(ICP-MS), atomic absorption spectrometry (AAS) and ion chromatography (IC), can 
provide very accurate measures of the concentrations of elements. The sample has to 
be destroyed as these types of analytical technique require the sample to be dissolved 
by reaction with strong acids or bases. It is not possible to obtain information on the 
3-dymensional distribution of elements in a solid sample. 
 
1.9 Type and composition of fish scales 
 
The scales of teleost (bony) fishes exist in two major forms, cycloid and ctenoid as il-
lustrated in figure 1.3. Cycloid scales have smooth margins while ctenoid scales have 
tiny teeth called ctenii on the posterior edge giving them a rough texture. Scales of 
both types consist of a layer of acellular bone and an underlying fibrilary plate of col-
lagenous connective tissue. The main constituent of the bony layer is hydroxyapatite 
crystals consisting chiefly of calcium phosphate (Harder, 1975; Tang et al., 1997; 
Wojnar, 2011). The lower fibrillar layer has a non-mineralised matrix consisting 
mainly of collagen and also another protein, isopedine or ichthylepidin (Helfman et 
al., 2009).  
 
Chemically the fish scale generally consists of keratin (KRT), calcium carbonate Ca-
CO3 (CCB) and hydroxy apatite (HAP) (Jablonski, 2005). The composition of KRT 
is mostly carbon, hydrogen, oxygen and a small amount of S, about 1% (Geissler et 
al., 2001). The CCB consist of 40 % of Ca and HAP consists of 40 % m/m of Ca and 
20 % of P. Hence in a region where the concentration of calcium is more than twice 
that of P, the excess Ca is ascribed to CCB. Literature research has shown that was 
no work has been performed before in applying PIXE in fish scale. 
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Figure 1-3 Illustration of cycloid scales of Pomadasys kaakan and Lithognathus mormyrus (on the 
left) and ctenoid scales of Lutjanus gibbus and Pinjalo pinjalo (on the right). 
 
Biologically the scale is one of the parts of a fish‟s body where accumulation occurs 
by incorporation, of elements directly from the environment (Patel et al., 1975;  
Finn-Va, 1980; Ishikawa et al., 1984; Van der Perk et al., 2006; IAEA, 2006;  
Pinder et al., 2011). 
Scales are some of the few structures that are accessible for evaluation of chemical 
composition without killing the fish (Perga & Gerdeaux, 2003). More than that, they 
can provide composition a time- related indication of environmental condition. 
 
1.9.1 Growth of fish scales 
 
Steinstrup (1861) found that all scales grow throughout life and increase in size as 
fish size increases. Since scales grow by increasingly larger plates. Mandl, (1839) and 
Taylor, (1916), found that a combination of the two processes was involved in the 
development of the scale. In addition to Mandl, Williamson (1851), Baudelot (1873), 
Iofer (1889), Klaatsch (1890), Ussov (1900) and Hase (1907) studing the histogenesis 
of scale structures. The outer layer fine scale normally consists of homogeneous pro-
teinaceaus tissue can posed mainey of keratin (KRT) and the remainder consists of 
amorphous calcium and phosphorus as hydroxyl apatite (HAP) and calcium car-
bonate (CCB) (Creaser, 1926; Posner & Betts, 1975). 
 
There is considerable evidence that the scales of some fishes cease growing in winter, 
when the annulus is formed (Weatherley et al., 1987; Casselman, 1990).  Pearse 
(1919) found that adults fish of the species Pomoziz sparoides do not appear to feed 
in the winter. Furthermore, these fish were caught in marine waters. Hence the fish 
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have spent the first year in a freshwater environment. In addition the average tem-
perature in the gulf region is higher than the temperature in the Indian Ocean and 
the sub-tropical regions where some of the specimens for this study were caught. 
 
Fish scale incremental patterns possess a unique combination of features. Fish scales 
are easily available, their preparation for image processing is very simple, and ich-
thyologists have used fish scale patterns for decades as a source of information about 
the life history of fish as well as the state of the environmental (Pepin, 1991; Fried-
land, 1998). A database of results obtained from incremental studies, together with 
an oceanographic database (Levitus et al., 1998) can provide new methods for study-
ing pollutants of river and ocean life. Fish scales can therefore be used as a source of 
information which can be used to address important questions in aquatic environ-
ment (Beamish et al., 1987; Lund & Hansen, 1991). 
 
1.9.2 Fish scales   
 
The discrete model of the growth of fish scales is a formalization of the 2D aniso-
tropic structure where the growth rate in posterior region is slower than the growth 
in anterior region (Smolyar & Bromage, 2004). Analyses show that the pattern of an-
isotropy in fish scales results in less than perfect descriptions of growth rate of 2D 
fish scale patterns and thus growth-rate variability may only be described in “fuzzy” 
terms. The index of structural anisotropy is a measure of this fuzziness provided with 
some perspective on the confidence one may have in the measurements.  
 
Cook & Guthrie (1987) used the problem of fish stock identification to illustrate how 
the model of the fish scale pattern could contribute to the solution of the problem. 
For example using a discrete model of fish scale incremental pattern is proposed 
which takes into account the incremental structure such as the 2-D. Based in this 
model the representation of the form of the fish scale pattern as a relay network, tak-
ing anisotropy in the form of discontinuities and convergences of incremental struc-
tural elements into account, and the widths of growth increments in different direc-
tions. This model was used for quantification of fish scale growth rate. The capability 
of the model to analyze objects with similar structures as found in fish scale incre-
mental patterns, opens new challenge such as a comparative study with those found 
in coral, otoliths, shells, and bones (Popper, Deng, Ramcharitor and Higgs, 2001). 
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1.10 Application of growth equations 
1.10.1 Correlating the length of the fish to the age  
 
The age of a fish is normally determined by its length. Various growth equations 
have been formulated to account for the growth and the applicability of the growth 
equations of especially fish and fish populations (von Bertalanffy, 1938; Pauly & 
Munro, 1984; Tang et al., 1997; Schnute, 1981; Majid & Imad, 1991; Gayanilo et al., 
1996; El Husaini et al., 2002; Valinassab et al., 2002; Smolyar & Bromage, 2004; Lei 
& Zhang, 2006; Falahati et al., 2008). The most applied equations are those of von 
Bertalanffy (1938) and Schnute (1981). There is no difference in the applicability of 
these growth equations to the fish scales (Pauly, 1980; Schnute, 1981; Gayanilo et 
al., 1996; Valinassab et al., 2002; Smolyar & Bromage, 2004; Falahati et al., 2008). 
For the purpose of this study the von Bertalanffy equation (Eqn. 1.1) was chosen on 
the merit that a seasonalized form (Eqn. 1.2) has been evaluated (Fakhri et al., 
2011). 
 
     (     (  (    )))       (1.1) 
     (     (  (    ))  
  
     (  (    ))
)                           (1.2) 
 
In these equations, Lt is the predicted length (cm), L is the asymptotic (hypothetical 
length) (cm), k is the growth constant (year-1), t is the time of measurement (year), t0 
is the hypothetical age (year), C is the amplitude of cyclization (seasonality) (year2) 
and ts is the hypothetical age at the onset of the first growth oscillation (year). 
Equation 1.2 is given here simply for ease of reference to other investigations, and is 
not considered in this study since the temperature variation experienced in the geo-
graphical area is from 26 to 29°C on average. Based on the philosophical and bio-
chemical basis of the derivation of the von Bertalanffy equation (von Bertalanffy, 
1938) temperature variation should not incur growth abnormalities, but would affect 
the growth rate of the fish. 
 
The values of the parameters for Pomadasys kaakan have been discussed by (Fakhri 
et al., 2011) and are given in Table 1.1 for ease of reference (Majid & Imad, 1991; 
Lee et al., 1992; Al-Husaini et al., 2002; Fakhri et al., 2011). For comparison of the 
different parameter valuesused, the growth performance index (Munro & Pauly, 
1983; Pauly & Munro, 1984) is also given. In this table the value of 94 cm for    and 
of 0.18 for k provided by (Lee et al., 1992) are not in agreement with the other  
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values and were not considered in the determination of the age of the fish used in 
this study. 
 
Table 1-1 Various growth parameters estimated for Pomadasys kaakan found in different locations 
(Fakhri et al., 2011); (Al-Husaini et al., 2002); (Lee et al., 1992) and (Majid and Imad, 1991). Lt is the 
predicted length (cm), L is the asymptotic (hypothetical length) (cm), k is the growth constant  
(year-1), £
’ is the growth performance index (Munro et al., 1983) and (Pauly & Munro, 1984). 
 
 
L(cm) k (year
-1) £
‟ Locality Reference 
2.20 0.270 3.004 Persian Gulf (Kuwait) Al-Husainiet. al.,  (2002) 
94.00 0.180 3.200 Persian Gulf (Kuwait) Lee et. al., (1992) 
62.50 0.247 2.980 Coast of Pakistan Majid&Imad (1991) 
64.61 0.240 3.000 Persian Gulf (Iran) Fakhriet. al., (2011) 
     
 
 
1.10.2 Correlating the fish length to scale length 
 
It is now necessary to correlate the growth of the fish to the growth of the scale. For 
the purpose of this study, two empirical equations (Mars et al., 20123), given in Ta-
ble 1.2, based on independent data (Fry, 1943) were derived to correlate the length 
and therefore the age of the fish to the scale growth. The growth length considered 
was that of the diameter of the posterior region of the fish scale. 
 
 
Table 1-2 Statistical evaluation of two empirical equations used to correlate the growth in length of 
the fish, and therefore the age of the fish, to the growth in diameter of the posterior region of the fish 
scale, based on independent data (Fry, 1943), where a and b are the constants determined by the fit 
to the data, x is the age of the fish and y is the growth in length.  
 
  
Equation 1       
 
  
       
R2CoefDet DF Adj R2 Fit Std Err F-value 
   
0.999460765 0.99928102 0.05030925 12974.359 
   
       
Parameter and Value Std Error t-value 95% Confidence Limits p(t) 
a 0.116007 0.002155 53.831712 0.1109112 0.121103 0.00000 
b 2055.7518 45.263937 45.416991 1948.719595 2162.784001 0.00000 
       
  
Equation 2   ( )    
 
   
       
R2CoefDet DF Adj R2 Fit Std Err F-value 
   
0.999028 0.998056 4.899108 3083.505 
   
Parameter and Value Std Error t-value 95% Confidence Limits p(t) 
a 7.403507 0.052238 141.725293 7.237261 7.569753 0.00000 
b 2055.7518 45.263937 45.416991 -21.493541 -17.807521 0.00006 
 
 
                                                 
3 Mars, J.A., Guambe, J.F. & Day, J. (2012) unpublished data 
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The parameters in the above table according to Fry, (1943) show an statistical eval-
uation of two empirical equations used to correlate the growth in length of the fish, 
and therefore the age of the fish, to the growth in diameter of the posterior region of 
the fish scale, based on independent data where a and b are the constants deter-
mined by the fit to the data, x is the age of the fish and y is the growth in length. 
 
1.10.3 Volumerisation of the scale 
 
The thickness of the scale varies from the focus area to the edge of the scale. This 
variation in thickness will influence the growth of the scale and the distribution of 
the elements. The volumerisation of the scale is shown in figure 1.4. Since existing 
data (Fry, 1943) is based on the major area of the scale, formulation of the volumer-
isation is based on a lateral line that is parallel to the lateral field of the scale and 
perpendicular to the edge of the scale. The trapezoidal volumerisation is derived 
based in iteration, correlating the arc length to the radius, establishing the area and 
then determining the volume as given in figure 1.4. It should be noted that the deri-
vation is constrained by       . 
 
 
         
    
   √(     )  ( (     ))
 
          (     )
              (     )
              ∑(√(       )  ( (       ))
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Figure 1-4 Trapezoidal volumerisation of the fish scale. t_i, r_i and s_i are respectively the thickness, ra-
dius and the arc lengths. 
 
1.11 Statistics and minimum detection limit (MDL) 
 
The information in this section is provided for the benefit of the readers who are not 
familiar with PIXE techniques. The “p” values for the data were determined using 
Statistical software version 9 (Greenberg, et al., 1978). A “p” value of 0.05 was ac-
cepted as indicating significance. 
 
In any measurement of a physical system there are, inevitably, sources of both  
systematic and random error. The former are usually associated with systematic de-
fect in the measuring equipment and can often be compensated for by careful calibra-
tion of the equipment against a known standard. The latter can be much more sub-
tle, involving both the measuring equipment and the physical process being meas-
ured. When measuring small physical properties, in particular electronic or other sig-
nals, the random noise on the signals determines the ultimate detection limit on the 
measurement of a real physical occurrence/event. A signal that exceeds this thresh-
old detection limit is assumed not to be due to noise. 
 
In practice a number of different “detection limit” criteria have been defined. These 
include the “Instrument Detection” Limit (IDL), the “Practical Quantification Limit” 
(PQL), and the “Method on Minimum Detection Limit” (MDL), which includes all 
the steps in the analysis of the data (see for example chapters 3-5). In this latter 
method, which is used in the present work, the results of a set of fifty or sixty meas-
urements are analyzed and the standard deviation, σ, for the noise signal is estimat-
ed. This may be determined from raw data for the noise alone i.e. in the absence of 
the wanted/real signal, or otherwise estimated by a variety of means (see  
Un
ive
rsi
ty 
of 
Ca
pe
 T
ow
n
page 28 
 
Appendix B). Any signal with a value (amplitude or number) greater than 2σ may 
then be considered to be real with a confidence limit of 95% (see Appendix B1D). 
 
To facilitate the analysis of a continuum of data as a function of some variable, for 
example the PIXE spectrum, it is necessary to transform the data into a histogram 
format. Thus the total spectral energy range (dependent variable) is divided into a 
fixed number of equally spaced portions or “bins” into which the measured data is 
electronically stored. The MDL analysis is then done separately on the average (i.e. 
over the seven measurements) data in each bin.  
 
An example of a single PIXE spectrum (showing peaks for the Fe Kα is emitted at 
6.39 keV and that of molybdenum (Mo) Kα at 17.478 keV lines) is given in figure 1.5 
where the spectrum energy range has been divided into 511 bins. However, the ener-
gy of 6.39 keV is collected in bin 150. The emission spectra results from an absorp-
tion/bombardment-emission process, as in PIXE, the total area under the peak is 
proportional to the cross section for the process and to the concentration of the ab-
sorbing atomic species. 
 
 
 
Figure 1-5 Illustration of the determination of X-ray data of the energy versus the counts. The dotted 
line is the background based on equations (with references) given in Appendix B1B. Bins are based on 
the registers of the electronic istruments, based on which a calibrate value for energies of emitted  
X-rays are determined. 
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As an example, let‟s assume there are 100 ppm of Fe and 10 ppm of Mo present in a 
sample. When the beam of particles strikes the sample excitations of electrons in the 
atoms occur. As soon as the electrons are ejected out of the atom and other electrons 
fill the vacancies and return to the initial position, giving off X-rays. 
 
The intensity of the X-rays is proportional to the number of electrons excited which 
is proportional to the number of atoms present. The number of atoms present is pro-
portional to the concentration. Say the counts for Fe Kα and Mo Kα for the first 
emission are 1500 and 150. With the second and third beam bombardment the 
counts are 1510 and 148 and then 1495 and 151, and so forth. Each count, for X-ray 
energy is done every 10 milliseconds. These are then repeated for a period of 2.5 
hours. These counts are then averaged. Hence the average counts after the duration 
of 2.5 hours are displayed. Using the equations for bremsstrahlung (see Appendix B), 
the background when plotted as the 10x of the X-ray energy is given by dotted line in 
the figure below. Thus 10000 counts would be 104, etc.  
 
From visual inspection, the Fe Kα peak seems smaller than the Mo Kα peak and hence 
the area of the Fe peak should be less than that of Mo and so the concentration. 
However the background at the energy of Fe Kα is about 10
4 more than the back-
ground at the energy of Mo Kα. Similarly, the Kβ   X-rays energies are exhibited. In 
the case of a compound, i.e. where there is more than one emitting atomic species 
with a fixed concentration ratio among them, then the ratio of their characteristic 
PIXE peak areas must scale with the concentration of the compound. 
 
The correlation of concentrations is necessary to identity component structure. For 
example, if a sample such as HAP consists of Ca and P then, if Ca is formed in a 
certain area of the sample, the P should also be formed in that area. Then the corre-
lation will be linear. The slope of the line representing the correlation will depend on 
the composition of Ca and P in HAP. The slope will however not affect the linearity. 
If the correlation is diffused, then Ca and P are present but not as HAP, rather as 
another type of compound. Because of the concentrations can at times be in the 
parts per million ranges, the logarithm of the concentration is plotted. 
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1.12 Pile-up 
 
A particular source of error, known as “Pile-up” error, occurs when obtaining a spec-
trum of intensity (i.e. fluency of photons) as a function of their energy (by measuring 
the pulse height amplitude of “pulses” produced by a detector of the photons) and re-
sults when a pulse arrives at the detector at a time when the detector base line, fol-
lowing a preceding pulse, has not yet been fully restored (O‟Meara & Campbell, 
2004). For this reason the beam is intermittently propagated. This is done by a beam 
on demand electronic system. This error leads to a decrease in energy resolution and 
may be minimized by one of two means, namely: 
 
(i) By the application, in the electronic measurement system, of a “dead-time, or 
period of time which starts at the beginning of each pulse detected and ends 
when the base line is restored. During this dead-time period no other pulse is 
analyzed. 
 
(ii) By limiting the intensity of the photon source such that the average time sep-
aration distance between successive pulses is much larger than the pulse time 
width. In the present case this is done by reducing the intensity (fluency) of 
the incident radiation onto the specimen). 
 
The silicon escape peak arises from the K X-rays escape of silicon as a result of pho-
to-electric interactions close to the surface window of the detector (Campbell et al., 
1987; Fraser et al., 1994). Its intensity is 1% or even less of its parent peak for e.g. 
the escape peak of Fe Kα  at 4.65 keV, overlaps the Ti Kα in the energy range of  
4.51 keV (Goulding & Jaklevic, 1973; Johansson et al., 1988; Campbell et al., 1998). 
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Chapter Two 
2 Materials and Methods 
 
2.1 Geography of the study area 
 
Mozambique is located in the south eastern part of Africa (figure 2.1). It is bordered 
to the east by the Mozambique Channel, which is part of the warm Indian Ocean. 
For this reason, the country‟s climate is predominantly tropical to sub-tropical with 
average temperatures around 280 C along the coast even in mid-winter July. Rainfall 
is predominantly in summer from October to April illustrated in Appendix G. To the 
north it is borders with Tanzania (Rovuma River), Zambia, Zimbabwe and Malawi 
of which Lake Nyasa forms an integral part on the west and South Africa and Swazi-
land on the south. Maputo is the capital of the country and also the largest munici-
pal area. It has a population approximately 1 million (INE, 2007). According to the 
2009 census (INE, 2009), the population of Mozambique is about 23 million. Annual 
population growth rate is 1.9 % (INE, 2009). Mozambique is mainly agricultural, be-
ing dominated by small-scale cultivating farms with an average area of 100 to  
500 m2. Several rivers meet in the Espirito Santo estuary to the south of the Maputo 
city and drain into the Indian Ocean. Except for the Matola River, discussions and 
images of the other sampling area are given in Appendix D. 
 
Many people have very low incomes and rely on these rivers for fish as a major 
source of protein. 
 
The Matola River drains into the Espirito Santo estuary which in turn drains into 
Maputo Bay. The inflow of the river into the Espirito Santo estuary lies 12 kilome-
ters to the west of the Maputo Central in the intersection of the Incomati and Um-
beluzi basins. The river is approximately 70 km in length. The width varies from 1.8 
to 2 km and depth from 2 to 6 meters more details see Appendix F.  
 
The vegetation is predominantly degraded Miombo Savannah, as it has been used for 
subsistence agriculture until fairly recently. Most of the woody vegetation has there-
fore been cleared, and the area is dominated by relatively open grassland with scat-
tered shrubs and small trees, many of which have grown from remaining root stock. 
Many industries drain their effluents into the Matola River hence the particular at-
tention of the study of this river. Precipitation averages 761 mm per year. 
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Figure 2-1 Geographic location of Mozambique in the African continent a). To the north it is bor-
dered by Tanzania through the Rovuma River; to the west is bordered with Malawi, Zambia and 
Zimbabwe and to the south by South Africa and Swaziland. To the east it is bordered by the Mozam-
bique Channel which is part of the Indian Ocean, b).  Matola River, Umbeluze River, Coque River, 
Tembe River, Espirito Santo Estuary, Maputo River and Maputo Bay are the sampling areas, c). The 
country is typical flat land and only the borders with South Africa, Zimbabwe and Zambia are moun-
tainous. 
 
The river is typically mangrove channels and corals. The Mozambique aluminium 
smelter industry (MOZAL), sampling point A5, is approximately 15 km from Matola 
harbour. A few hundred meters north east of the MOZAL plant and immediately 
west of the Matola River lies 60 hectare of the future GS Cimentos, Cement Factory 
and Limestone mine, Mozambique see Appendix D1.  
 
Figure 2.2 shows sampling points A1, A2, A3, A4, A5, A6, A7, and A8 along the 
Matola River where most of the industries discharge their effluents. Samplinges were 
taken between 2007 and 2009. 
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Figure 2-2 Sampling points along the Matola River in the period 2007-2009. An aluminium smelter is 
located near to sampling point A5. QGIS 2007, http://qgis.org, accessed 2008-12-24. 
   
 
2.2 Fish scales 
 
Fish such as Pomadasys kaakan (the javelin grunter), Pinjalo pinjalo, Lutjanus gib-
bus and Lithoguaths mormyrus are mostly often caught for human consumption 
along the Matola River, Tembe River, Espirito Santo Estuary and Maputo Bay with 
more details Appendix E5. In Appendix C is presented the sampling points coordi-
nates of the different fish species. These fish species spend the first year of life in a 
freshwater environment (Gerking, 1959; Weatherley, 1987). During this  
period they do not reproduce (Humphries et al., 1999), only reproducing when may 
migrates to the sea (Quinn et al., 2009). The scales of teleost fishes exist in two 
forms: cycloid and ctenoid. They consist of a layer of acellular bone and an underly-
ing fibrilary plate of collagenous connective tissue. The main constituent of the bony 
layer is hydroxyapatite crystals comprising chiefly of calcium phosphate (Harder, 
1975; Tang et al., 1997; Wojnar, 2011).  
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The lower fibrillar layer has a non-mineralised matrix comprising mainly of collagen 
and also a special protein, isopedine or ichthylepidin (Helfman et al., 2009). 
 
 
               
Figure 2-3 Scales of the types cycloid (Howey, 2008) and ctenoid (Buhler, 2009). 
        
 
The fish scale generally consists of keratin (KRT), calcium carbonate (CCB) and hy-
droxy apatite (HAP) (Jablonski, 2005; Guambe et al., 2012). The composition of 
KRT is mostly carbon, hydrogen, oxygen and a small amount of S, about 1% (Geis-
sler et al., 2001). The CCB consist of 40 % of Ca and HAP consists of 40 % m/m4 of 
Ca and 20 % of P. Hence in a region where the concentration of calcium is greater 
than twice that of P, then the excess Ca is ascribed to CCB. Appendix D & E are 
showing the concentrations of ions from water analysis. 
 
2.3 Analytical techniques and applicability 
 
The principal aim of this study is to find a useful method for assessing pollution of 
natural resources by metals. This means that instruments with which the concentra-
tions of substances will be determined should be applicable to the analysis of the 
substances. More importantly, the smallest amount of the substance present should 
be determinable with the particular instrument. The smallest amounts of substance 
that can be determined with an instrument are referred to as the minimum detection 
limit (MDL) and depend on the sample nature. In this study fish scales, sediment 
and water were analyzed. Since fish scales and sediments are solid in nature, the  
                                                 
4 In SI unit: 1% m/m=10 000 ppm= 10 000 mg/kg= 10 g/kg 
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applicable techniques for analysis were particle induced X-ray emission (PIXE), 
backscattering spectrometry (BS) and electron-induced X-ray emission, normally  
referred to as scanning electron microscopy (SEM). 
 
2.4 Specimen sampling procedures 
2.4.1 Water  
 
The water samples were collected using a Van Dorn Water Sampling apparatus 
(Duncan & Associates, Cumbria, United Kingdom) see Appendix H3 in the different 
geographic points along Matola River, Umbeluze River, Coque River, Tembe River, 
Espirito Santos Estuary, Maputo River, Maputo estuary, and Maputo Bay (see Ap-
pendix D). The pH was determined with a Crison micro pH meter (Allele, Barcelona, 
Spain), and the results are shown in Appendix D & E. The water sample was then 
cooled to 40C and stored at this temperature until analysis. Additional water param-
eters such as depth (meters), conductivity (mS.m-1), visibility, nephelometric turbi-
dimetric (NTU), salinity (parts per million (practical salinity units (PSU) and tem-
perature (0C) were measured in situ with the CTD probe (Hart Scientific, American 
fork, Utah, USA). The CTD probe was secured in a cage as shown in see Appendix 
H4. 
 
The sampling points from which the fish were collected are given in table 2.1.  
 
Table 2-1 Sampling points where the fish was caught. The area, the species and the sampling points 
and the GPS coordinates (degrees, minutes and seconds) are given. 
 
Area Fish Sampling point GPS coordinates 
Matola River 
Pomadasys 
kaakan A3 25 58 29 32 26 14 
Tembe River Pinjalo pinjalo D3 26 03 18 32 28 30 
Espirito Santo  
Estuary Lutjanus gibbus E4 26 58 00 32 29 46 
Maputo Bay 
Lithoguathos 
mormyrus G13 25 54 07 32 9 52 
 
 
The geographic coordinates and sampling points for water and sediment samples and 
fish scales are given in Appendix C and Appendix D.  
 
Sediments and fish scales were analyzed using Particle Induced X-ray Emission 
(PIXE), Backscattering spectrometry (BS) and Scanning electron microscopy (SEM).  
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The water samples were analyzed using Inductively Coupled Plasma Mass Spectrom-
etry (ICP-MS), Flame Atomic Absorption Spectrometry (FAAS) and Ion Chroma-
tography (IC) see Appendix D and E for results. 
 
2.4.2 Sediments  
 
The different geographic sampling points for sediments are illustrated in Appendix C 
and D. The sediment sampler used was a Van Veen grab sampler (Rickly Hydrologi-
cal Co., Columbus, Ohio, USA) in the field see Appendix H5. The sediments samples 
were transported in 500 mL plastic containers to the laboratory where the samples 
were removed from the plastic containers and spread over a surface area. The  
samples were then left to dry under dust-free conditions for a period of 5-10 days. 
The samples were then coated with a layer approximately 10 na ometers‟ thick of 
carbon see Appendix H2. 
 
2.4.3 Fish scales 
 
In this study 22 fish scales were sampled, two from cach of 11 specimens (2 from 
each) see Appendix C and Appendix F and caught by fish net Appendix H7. But for 
the present work were presented the results for four fish scales because of morpho-
metric similarity. After being caught, the fishes were stored at 40 C and taken to the 
Institute of Fisheries IIP, Instituto Nacional de Investigaçao Pesquiera (National Insti-
tute of Fisheries) in Maputo, Mozambique, for identification. Scales were removed 
immediately, and washed with copious amounts of distilled water to remove adhering 
impurities such as salts. The scales were afterwards submerged in ethanol (100%) 
and then placed an ultrasonic bath for 30 minutes and washed again with distilled 
pure water. The weight of the scales were 140  20 mg.  
 
After washing the scales were wrapped in filter paper and clamped between two  
Perspex plates. This was done to minimize curving of the scale. Each scale was glued 
to an aluminum stub of 11 mm × 22 mm, with holes of 8 mm diameter and then 
coated in a sputter coater with layer of approximately 10 nanometres thick of carbon 
for electron conduction see Appendix H2. In the Appendix E2 is showing the table 
contain detailed information related to fish species studied. 
 
Microscope images were obtained with a Nikon SMZ 1500 (Nikon, Tokyo, Japan). 
The microscope images were necessary as the minimum magnification with the  
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scanning electron microscope was 25 times and detailed full image was needed for 
verification purposes. 
 
2.5 Analytical sample preparation and instrumental procedures 
2.5.1 X-ray emission analysis  
 
Proton-induced X-ray emission analyses were performed only on the fish scales and 
sediments. Fish scales were mounted on the aluminium stub of 11 mm × 22 mm with 
hole of 12 mm diameter and fixed with carbon glue. The samples were then coated in 
the same manner as with the sediment. Immediately after drying, the sediments were 
placed on aluminium pin stubs of 12 mm diameter containing conductive carbon 
glue. The sample was coated in sputter coater (Balzers BVC 010, Balzers, Liechten-
stein) with a 4.0 nanometer thick layer of carbon for conductivity of current and see 
Appendix H2. The samples were stored in dust-free environment until analysis. 
 
The PIXE analysis was performed with a proton particle beam. A schematic of the 
Van de Graaff accelerator is provided in Appendix H1 and of the NMP in figure 2.4  
layout at the Material Research Department (MRD), NRF-iThemba LABS, South 
Africa. Proton beam of energy 1.500  0.001 MeV was used to scan the scale speci-
mens. The Si(Li) PIXE detector was mounted at an angle of 135ºto the incoming 
beam. Beryllium absorbers of thicknesses 25 m and 125 m were used to obtain an 
elemental spectrum from Al to Pb. The resolution of the detector was 146 eV X-ray 
at Mn Kα line. The beam spot size was 1.5 m × 1.5 m and the duration of each 
analysis was 150-180 minutes until a charge of 1 micro coulomb has been collected. 
Data were quantified with the GeoPIXE software program (Ryan et al., 1995). 
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Figure 2-4 The Nuclear Microprobe (NMP) chamber at Material Research Department, iThemba 
LABS, Somerset West, South Africa. Inside the chamber RBS detector (D1); copper ring (E); optical 
microscope (M); Faradays cup (F); Preamplifier for RBS detector (P); filters (A); Si(Li) detector (D2) 
and on vertical position the motor with holder sampler. 
 
 
2.5.2 Backscattering spectrometry   
 
Because of the versatility of the NMP chamber, the PIXE and BS determinations 
were done simultaneously. The detector used for BS analyses was a solid surface bar-
rier detector (ORTEC, USA). The detector was mounted at an angle of 176ºto the 
incoming beam. Data were quantified with the RUMP software, UK, 1991. 
 
2.5.3 Scanning electron microscopy  
 
Light microscope is a type of microscope based on visible light thru a group of lenses 
to magnify images of particularly small samples. In this technique, largely produces 
an image by applying electrons instead forms an image.  In Appendix H3 is illustrat-
ed a photo of Leica/LEO-Stereoscan S440 microscopic Scanning Electron Microscope 
Unit at University of Cape Town was used. The energy of the electron beam for 
SEM analysis was 25 keV.  The tilt was 0.00°; the take-off was 39.43°, and the ampli-
tude 50.00. The detector used was a super ultrathin window sapphire (SUTW) with 
a resolution of 145.2 eV.  The analysis duration was 180 live seconds. Data were 
evaluated with the manufacture‟s EDAX software program, UK, 1998. 
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2.5.4 Inductively coupled plasma mass spectrometry (ICP-MS) 
 
The water sample was filtered through Whatman No. 2 filter paper to remove any 
suspended matter. Ten microliter of 5% vol/vol HNO3 (65% m/v) was added to  
100 µL of sample. The ICP-MS used in this study was a Thermo Scientific X series 2 
(Bremen, GmbH, Germany), with a Cetac ASX-120 autosampler (Timberline In-
struments, Boulder, Colorad, USA). 
  
2.5.5 Flame absorption spectrometry (FAAS)  
 
The water sample was filtered through Whatman No. 2 filter paper to remove any 
suspended matter. One milliliter of 5% vol/vol HNO3 (65% m/v) was added to  
100 mL of sample. The FAAS used in this study was a SpectrAA-400 Zeeman spec-
trometer with a platform-equipped furnace sourced from Agilent, Santa Clara, Cali-
fornia, USA. 
 
2.5.6 Ion chromatography (IC)  
 
The water samples were filtered through a 0.45 m filters paper before analysis. The 
IC used was a Dionex system unit (Dionex Corporation, Sunny Vale, California, 
USA.) with an Eluant Degas Module (Cations) and Conductivity Detector; on the 
right DIONEX Basic chromatography Module (Anions); DIONEX CSRS, ULTRA II 
4 mm. Ten milliliters of sample was used for analaysis. The column used for anion 
analysis was AS14 (4 mm diameter) and for cations, CG12 (4 mm in diameter).  The 
eluent for anion determination was 2.4 mM Na2CO3 and 1 mM Na2HCO3. For cations 
the eluent was  2.2 mM H2SO4.  The sample loop volume varied between 50 µL for 
anions and 25 µL for cations. The anion and cation guard columns were AG14 and 
CG12 respectively. The suppressors used were ASRS-I-4 mm and CSRS-Ultr-4 mm 
with the eluent flow rates 1.2 mL.min-1 and 10 mL.min-1, all respectively. 
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Chapter Three  
3 Results: Two- and three dimensional analyses of a fish scale 
 
3.1 Introduction 
 
This chapter provides the results of analyses of the two dimensional and three  
dimensional aspects of the fish scale.   
 
Pollution events that occurred are at times difficult to detect because of the continu-
ous river flow. However, changes in the chemical composition of the water are incor-
porated into the matrix of fish scales as growth occurs. Hence, pollutants in the  
water may be identified by the analysis of fish scale.  
 
Concentration levels of various metals in the aquatic environment through anthropo-
genic sources such as domestic sewage, industrial and agricultural effluents, and  
natural resources groundwater as such become a source of several environmental and 
ecological impacts (Javed, 2004).  
 
Fish have been used widely as an important indicator of metals contaminants of the 
aquatic ecosystems (Venugopal et al., 2009 & Sekabira et al., 2010). Metal concen-
trations can affect fisheries and health of the people consuming fish. 
 
In the PIXE analyses, the peaks representing the emission of the X-ray data are 
overlaid on the background that consists of the bremsstrahlung continuum  
(see Appendix B). The scans shown are the quantitative elemental concentration dis-
tributions (QECDs) of the elements present in the fishscale matrix.  
 
In the BS spectra the locations of the elements are those when these elements are lo-
cated at the surface of the fish scale. The physics principles on which BS theory is 
based does not account for deviations of the data and the computation at low ener-
gies. However, since the energy of C, the lowest atomic number element of interest, is 
three orders of magnitude greater than these low energies, these low-energy devia-
tions are not significant. 
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3.2 Results of the two dimensional (2-D) analysis 
3.2.1 Morphometry of the scale 
 
The 2-D and 3-D analyses reported here are based on results for a single scale of a 
specimen of the fish Pomadasys kaakan. The fish weighed 2750 g and had a fork length 
of 420 mm. The age was determined as 12 ± 1 month. The thickness of the scale var-
ies from 340 m, near the focus, to 200 m at the distal edge of the scale. The length 
of the scale from the focus to the edge is 5.620 mm. 
  
 
 
Figure 3-1 Illustration of the four areas of the fish scale of Pomadasys kaakan that was scanned and 
the posterior field, focus and the anterior field. Region 1 corresponds to figs 3.5, 3.6, 3.7, 3.8 and 3.9. 
Region 2 corresponds to figs 3.18, 3.19 and 3.20. Region 3 corresponds to figs 3.26, 3.27 and 3.28 and 
Region 4 corresponds to figs 3.34, 3.35 and 3.36. 
 
The length is scanned as four individual sections since the maximum attainable fo-
cused beam size is 1.76 mm × 1.76 mm.   
 
The dimensions of the scanned areas are 340 m × 200 m, and then for three sec-
tions, 1760 m × 400 m.  The scanned areas are indicated in figure 3.1. This section 
reports on the 2-D analysis of these four scanned areas.  
 
The total spectrum, based on the X-ray emission data, for this scanned area, is 
shown in figure 3.2. In the spectrum the only peaks for both the Kα and the Kβ emis-
sion lines of the elements Ca and Sr are observable. The peak of the Kβ line emission 
data of the lower atomic number elements coincides and therefore overlaps with the 
peak of the Kα line emission data of the higher atomic number elements. It means 
that for two elements the energy of Kα emission line of the element with the higher 
atomic number will coincide with the energy of the Kβ emission line of the element 
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with the lower atomic number, e.g. Kβ of Ni will coincide with the Kα emission line of 
Zn.  
 
 
 
 
Figure 3-2 Total spectrum, based on the proton-induced X-ray emission data, for the entire scanned 
area of region 1, 340 m × 200 m (length by width), of the scale of Pomadasys kaakan. The green 
line represents the X-ray data, the red line the fit to the data, the purple line the background, the 
blue line Si escape peaks and yellow line is the pileup from the data. 
 
 
 
 
The total spectrum, based on the proton-induced backscattered data, for the scanned 
area of 340 m × 200 m, is shown in figure 3.3. The peaks of the elements C, N and 
O are indicated. 
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Figure 3-3 Total spectrum, based on the backscattered data, for the entire scanned area  
340 m × 200 m of the scale of the fish Pomadasys kaakan. The green line represents the data and 
the red line the fit to the data. The peaks for C, N and O are indicated. 
 
 
 
The difference between the data and the fit to the data at the low energy ranges  
is due to the inadequate description of the cross sections in the backscattering theory 
at these low energies.  
 
The total spectrum, based on the electron-induced X-ray emission data, for the entire 
scanned area of 340 m × 200 m, is shown in figure 3.4. 
 
 
Figure 3-4 Total spectrum, based on the electron-induced X-ray emission (SEM) data, for the entire 
scanned area of 340 m × 200 m of the scale of the Pomadasys kaakan. The green line represents the 
data, the red line the fit to the data and the blue line the background. 
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Region 1 
Four growth areas in region 1 are discernible and are indicated in figure 3.5, which 
shown the quantitative elemental concentration distributions of Ca and P. In area 1 
in the growth pattern, based on both the Ca and P quantitative elemental concentra-
tion distributions, indicates low P and Ca concentrations for the first 30 µm of the 
scanned area. 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Hence in this region of the fish scale matrix the concentrations of calcium carbonate 
(CCB) and hydroxyl-apatite (HAP) are low. Thus the region consists primarily of 
keratin, implying that in the initial stage of scale growth only keratin is formed.  
 
However from figure 3.5, based on the Ca quantitative elemental concentration and 
distribution, in-growths of P are found in the corresponding region of the P quantita-
tive elemental concentration distribution. HAP consists of 40% m/m of Ca and 20% 
m/m of P HAP which yields 2.0 as a ratio of these concentrations. When the P con-
centration is less than that of Ca, that is, the concentration ratio is greater than 2, 
and then the excess Ca is assumed to be present in a chemical form other than HAP. 
The only matrix composition is that of CCB. 
 
When P is present in excess then it is assumed that the P is present as ALP. Since 
the corresponding Ca quantitative elemental concentration distribution is very low 
Figure 3-5 Scale of Pomadasys kaakan (inset) sh wing the scanned area of 340 m × 200 m (length by 
width). The quantitative elemental concentration distributions based on the X-ray emission data, of the 
elements Ca and P in the scanned area. The four concentration areas discernible are indicated by the 
numbers. “I” indicates ingrowths from the region nearer to the edge (0.0 m), of the scale, to the suc-
ceeding region. 
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(less than 0.1 % mass/mass) and that of P relatively higher (greater than  
1.05 mass/mass), P is present in a chemical composition other than HAP. The only 
composition possible is that with Al of aluminium phosphate (AlPO4). 
 
In area 2 region 1, the Ca QECD forms a semi-homogeneous distribution. The corre-
sponding region in the P quantitative elemental concentration and distribution con-
sists of various in-growth strands, growing from the edge of the scale towards the fo-
cus of the scale. Hence, some of these strands indicate a corresponding higher concen-
tration of Ca to a corresponding lower concentration of P. For the Al quantitative 
elemental concentration and distribution the growth in the corresponding region is 
homogeneous. Therefore, AlPO4 also can be present. Hence in these strands the Ca is 
present as both CCB and HAP. 
 
The P QECD in area 3 region 1 is inhomogeneous and consists mostly of in-growing 
strands, of length 80 m. The degree of homogeneity of the Ca quantitative ele-
mental concentration distribution in area 3 is greater than the degree of homogeneity 
of the P quantitative elemental concentration distribution in this area. The lengths of 
the strands here are about 30 m long. This means that for a distance of about 50 
m the ratio of concentrations of Ca to P is about 5:1. Since the ratio of Ca:P in 
HAP is 2.0, it means that only about 20% of this in-growth consists of HAP.  
 
Hence in the growth strand area the matrix is predominantly CCB and keratin. Since 
the concentration of S in keratin is 0.01% m/m, the corresponding S concentration in 
the scanned area is expected to be low. As with area 3, quantitative elemental con-
centration distribution of P in area 4 region 1 is also ill-defined, and similarly in the 
Ca quantitative elemental concentration distribution. However, the concentrations of 
P and Ca are the highest in this area, and therefore the keratin concentration should 
be relatively low and hence a low S concentration is expected. 
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Figure 3-6 Quantitative elemental concentration distributions, based on the X-ray emission data, of 
the elements Al, S, Sr and Si in the first 340 m from the edge (0.0 m) in the direction to the focus, 
of the scale of Pomadasys kaakan (Region 1). 
 
 
 
The S quantitative elemental concentration distribution is relatively higher than the 
expected S concentration. This indicates that S excess may be due to pollutants. 
 
In the Al QECD three regions are distinguishable (figure 3.6). For the first 40 m 
from the edge of the scale,  Al is undetectable. This correlates with the P and Ca 
QECDs and therefore this region can be considered and consist mainly of keratin. 
Since Al has been identified as a contaminant it means that keratin growth occurs 
firstly and the Al is only incorporated afterwards. In the S QECD (figure 3.6) only 
two regions are distinguished. The first region contains small amounts of S and in 
the second region higher amounts of S. As S is a element in keratin, this therefore 
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again confirms that the initial growth matrix consists mainly of keratin. The higher 
concentration in the second region may indicate that S contamination also took 
place. 
 
Only three regions are distinguishable in the QECDs of Sr and Si (figure 3.6). In the 
Sr and Si maps quantitative elemental concentration and distribution the first region 
aproximately 40 m contains no Sr and Si. This confirms that the matrix consists 
entirely of keratin. By comparison the gradient of the QECD of Sr is lower than that 
of Si. Since Sr and Ca are in the same periodic group it is assumed that Sr is 
incorporated as the carbonate, SrCO3. Silicious matter is assumed to be incorporated 
as silicon oxides and/or hydroxides.   
 
                  
 
Figure 3-7 Quantitative elemental concentration distributions, based on the X-ray emission data of 
the elements Fe and Cr in the first 340 m from the edge of the scale of Pomadasys kaakan. 
 
 
 
The quantitative elemental concentration distributions (QECDs) of Fe and Cr based 
on the X-ray emission data are shown in figure 3.7. Only two regions are observed in 
each. The first region is about 80 m long. Important here is that even though these 
elements are present in trace amounts in the matrix, these elements are present in 
the region where the matrix is composed predominantly of keratin. This indicates 
that during the initial growth periods, these elements are incorporated into the ma-
trix. After this 80 m the concentration gradients of the two elements do not change 
and hence no further incorporation of these elements occurred. This indicates that 
even though the concentrations of these elements in the parts per million ranges, the 
quantitative elemental concentration distribution are not affected by the previously 
mentioned elements. 
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The QECDs of Ti, V, Mn and Ni, based on the X-ray emission data are shown in 
figure 3.8.  In the Ti QECD the concentration of the element is low in the first  
340 m. Afterwards the concentration increases and remains the same for the remain-
ing area in the region. Similar trends are observable in the QECDs of V and Mn. The 
elements are therefore incorporated into the scale matrix in the initial growth stages. 
In the Ni QECD, incorporation into the matrix also started in the initial growth 
stages.  However, three growth regions are observable.  
 
                  
 
                   
 
Figure 3-8 Quantitative elemental concentration distributions of the elements Ti, V, Mn and Ni in the 
first 340 m from the edge of the scale of Pomadasys kaakan. 
 
 
The first region (distance of 80 m from the edge) shows similar trends as in the 
QECDs of Ti, V and Mn. In the second growth region the concentration of Ni is rela-
tively small (less than 5 ppm). There is thus a significant decrease in the  
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concentration of Ni. This means that the Ni pollution of the natural resources was 
intermittent. The concentration of Ni in the third region is homogeneous with no 
concentration gradient.  
 
The QECDs of Cu, Zn and Se are shown in figure 3.9. As is distinguishable from the-
se QECDs the incorporation of Cu and Zn also assumes the pattern of low concen-
trations in the first 80 m and then an increase in the concentrations that remains 
for the rest of the region. Se incorporation is homogeneous throughout the distance of 
340 m. This concentration indicates that Se contamination was constant through 
the time period for this length of the fish scale. 
 
           
 
Figure 3-9 Quantitative elemental concentration distributions, based on the X-ray emission data, of 
the elements Cu, Zn and Se in the first 340 m from the edge of the scale of Pomadasys kaakan. 
 
 
These QECDs can now be correlated with one another. This was achieved by per-
forming a quantitative linear traverse analysis (LTA) across the area of interest and 
is shown in figure 3.10 for the elements Al, Si, P, Ca and Sr. The distance 340 m is 
at the edge of the scale. The standard deviation in concentration  in the Al LTA is 
relatively high.  This is due to the dispersed homogeneous distribution of the 
element, which is observable in the Al QECD. Similar relatively high standard 
deviation in concentration for Si is also visible and is also due to the dispersed but 
homogeneous distribution of the elements. The linear correlation between the 
concentrations of P and Ca in the linear traverse analyses is observable by following 
the trends of the concentrations. 
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The low concentration of the elements in the region of 340 m to 250 m range is 
indicative of the scale matrix consisting predominantly of keratin, that is low in S 
concentration. The relatively high Sr concentration can be seen. This means that in 
the growth of the scale, Sr is included in the keratin matrix. It is assumed that the 
element is incorporated in the carbonate form, as SrCO3. The concentration of the 
elements however levels off at the 100 m growth stage, that is, after a growth 
distance of 240 m the incorporation of HAP and CCB are constant. The growth 
data can be used to determine the kinetics of the incorporation of the elements Al, 
Si, P, Ca and Sr. 
 
 
 
Figure 3-10 Quantitative linear traverse analysis (LTA), based on the X-ray emission data, of the cor-
responding elements Al, Si, P, Ca and Sr in the first 340 m from the edge of the scale of Pomadasys 
kaakan. The 340 m distance is located at the edge of the scale. The width of the LTA was 200 m. 
The standard deviation of the concentration is illustrated. Where the deviation is not visible it indi-
cates that the value of the deviation with respect to the value of the concentration is small. 
 
 
 
The linear traverse analyses, based on the X-ray emission data, of the elements Ti, 
V, Mn, Ni and Se (to the left) and of Cr, Fe, Cu and Zn (to the right) in the first 
340 µm from the edge of the fish scale of Pomadasys kaakan are shown in figure 3.11. 
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The width of the LTA was 200 m. There are no linear correlations among the con-
centrations of the elements in the linear traverse analyses. Hence it can be assumed 
that the QECDs of these elements are not affected by one another.  
 
 
               
 
Figure 3-11 Linear traverse analysis, based on the X-ray emission data, of the elements Ti, V, Mn, Ni 
and Se (to the left) and of Cr, Fe, Cu and Zn (to the right) in the first 340 m from the edge of the 
scale of Pomadasys kaakan. The width of the LTA was 200 m. 
 
 
 
 
The correlation of the concentrations (as the log of ppm) of the elements P and Ca, 
P and Al, Si and Al, Al and Ca are shown in figure 3.12. The correlation between 
the concentrations of P and Ca is linear since these elements together constitute the 
HAP component of the fish scale matrix. 
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Figure 3-12 The concentrations (in log of ppm value) correlations of the corresponding elements P-Ca, 
P-Al, and Si-Al, Al-Ca in the first 340 m from the edge of the scale of Pomadasys kaakan. The dot-
ted ellipses show the positions of the corresponding correlations. 
  
 
 
 
The correlation of P and Al shows a linear trend but is slightly dispersed. This is due 
to the inclusion of Al and P as AlPO4 in the scale matrix. Both the correlations of Si 
and Al and Al and Ca are dispersed. This indicates that the incorporation of Si into 
the matrix is not affected by the incorporation or Al and that the Al incorporation is 
not affect by that of Ca. 
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Figure 3-13 The concentrations (in log of ppm value) correlations, based on the X-ray emission data, 
of the corresponding elements Fe-Al, Cr-Ca, and Fe-Ca, S-Ca in the first 340 m from the edge of the 
scale of Pomadasys kaakan. 
 
 
 
The correlation of the concentrations (as the log of ppm) of the elements Fe and Al, 
Cr and Ca, Fe and Ca, and of S and Ca are shown in figure 3.13. These correlations 
are all dispersed and therefore these elements do not affect one another‟s incorpora-
tion into the fish scale matrix. The correlations of the concentrations (as the log of 
ppm) of the elements Si-Ca, Sr-Ca, and Fe-Cr in the first 340 m from the edge of 
the fish scale of Pomadasys kaakan are shown in figure 3.14. 
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Figure 3-14 The correlation of the concentrations (as the log of ppm), based on the X-ray emission 
data, of the elements Si-Ca, Sr-Ca, and Fe-Cr in the first 340 m from the edge (0,0 m) of the scale 
of Pomadasys kaakan. 
 
 
 
The concentrations correlations of all these elements are dispersed. Therefore the in-
corporations of these elements into the fish scale matrix do not affect one another. 
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Figure 3-15 Total spectrum, based on the proton-induced X-ray emission data for the entire scanned 
area of 1760 m × 400 m (length by width), that is, for the distance length of 340 m to 2100 m 
(Region 2). The green line represents the X-ray data, the red line the fit to the data, the purple line 
the background; the blue line Si escape peaks and the yellow line the pileup from the data. 
 
 
 
The total spectrum, based on the proton-induced X-ray emission data for the entire 
scanned area of 1760 m × 200 m (length by width), that is, for the distance length 
of 340 m to 2100 m, is shown in figure 3.15. 
 
 
 
 
 
Figure 3-16 Total spectrum, based on the backscattered data for the entire scanned area of  
1760 m × 400 m, that is, in the distance length of 340 m to 2100 m, of the scale of the 
Pomadasys kaakan. The green line represents the data and the red line the fit to the data. The peaks 
for C, N and O are indicated.  
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The total spectrum, based on the backscattered data for the corresponding scanned 
area of 1760 m × 200 m, that is, in the length distance of 340 m to 2100 m, of 
the scale of the fish Pomadasys kaakan is shown in figure 3.16. 
 
 
 
 
Figure 3-17 Total spectrum, based on the electron-induced X-ray emission data, for the entire scanned 
area of 1760 m × 400 m, that is, for the distance length of 340 m to 2100 m, of the scale of the 
Pomadasys kaakan. The green line represents the data, the red line the fit to the data and the blue 
line the background. 
 
 
 
The total spectrum, based on the electron-induced X-ray emission data, of the entire 
scanned area of 1760 m × 400 m for the length distance 340 m to 2100 m  
(Region 2) of the scale is shown in figure 3.17. 
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Region 2 
 
 
Figure 3-18 Scale of the Pomadasys kaakan (inset) showing the scanned area of 1700 m × 400 m 
(length by width) for the length distance of 340 m to 2100 m. In the alongside three images the  
1700 m corresponds to the 340 m and the 0 m corresponds to 2100 m. The distribution of the el-
ements is discussed from the 1700 m mark to the 0 m mark. The quantitative elemental concentra-
tion distribution based on the X-ray emission data, of the elements Ca, P and Al in the scanned area. 
Various concentration regions are discernible in the scanned area. 
 
 
 
Scale of the fish Pomadasys kaakan (inset) showing the scanned area of  
1760 m × 400 m (length by width) for the length distance of 340 m to 2100 m 
(Region 2). The quantitative elemental concentration distributions are based on the 
X-ray emission data, of the elements Ca, P and Al in the scanned area are shown in 
figure 3.18. 
 
There is continuity between the QECD of Ca in this scanned area to the QECD of 
Ca in the initial scanned area. There is however an increase in Ca concentration for 
the length distances from 1300 m to 2100 m in the scanned area. The low Ca con-
centration located on the right-side of the scanned area represents the annulus, in 
which the concentration of the element is low. More so, the concentration of Ca de-
creases in the vicinity of the annulus. Similar trends in the QECD of P are observa-
ble, except that the concentrations are lower than those for Ca. The relatively low 
concentration of P to the right-hand side of the QECD is also representative of the 
annulus, in which the P concentration is low. 
 
There is no discernible concentration region or demarcation in the Al QECD, sug-
gesting that the Al contamination occurs throughout the scale, including in the  
annuli.  
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Figure 3-19 Quantitative elemental concentration distribution, based on the X-ray emission data, of 
scanned area of 1760 m × 400 m, of the elements Si, Sr and S in the length distance of 340 m to  
2100 m. 
 
 
 
The quantitative elemental concentrations distributions, based on the X-ray emission 
data, of the elements Si, Sr and S in the length distance of 340 m to 2100 m are 
shown in figure 3.19.  Two concentration regions are discernible in the QECD of Si. 
From the length distance of 820 m to about 900 m there is an increase in the con-
centration. From 900 m onwards the concentration is homogeneous and there is no 
increase in Si. In contrast to the Ca and P concentrations there is a discernible in-
crease of Si in the annulus region.  
 
In the Sr QECD there are no visible concentration regions and is homogeneously dis-
tributed throughout the scanned area. This means that Sr is also found in the annu-
lus of the fish scale (see chapter 5). 
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Figure 3-20 Quantitative elemental concentration distributions, based on the X-ray emission data, 
of the scanned area of 1760 m × 400 m, of the elements V, Fe, Cr, Se, Mn, Ni and Zn in the length 
distance 340 m to 2100 m of the scale of Pomadasys kaakan. 
 
 
 
The S QECD in the region 1500 m is irregular and relatively low. In the region 
1080 m to 1520 m there is an increase in S concentration. Since S is contained in 
keratin (KRT), but in relatively smaller amounts (0.002 % m/m) it can now be pos-
tulated that this excess S is due to pollution.  The QECD for S is also relatively low 
in the region of the annulus. 
 
The QECDs, based on the X-ray emission data, of the elements V, Fe, Cr, Se, Mn, 
Ni and Zn in the length distance of 340 m to 2100 m of the fish scale of Pomadasys 
kaakan are shown in figure 3.20.  The QECDs of all these elements with the  
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exception of Fe are homogeneous. It seems, therefore, when this part of the scale was 
laid down, that the pollution levels were constant and low. 
 
The Fe QECD indicates that in the length distances 1060 m to 1220 m and 1440 
m (Region 4) to 1540 m, Fe levels in the ambient water increased on occasion. 
 
 
 
Figure 3-21 Quantitative linear traverse analysis (LTA), based on the X-ray emission data, of the cor-
responding elements such as Al, Si, P, Ca and Sr in the length distance 340 m to 2100 m, of the 
scale of Pomadasys kaakan. The width of the LTA was 200 m. 
 
 
The correlations of QECDs can now be achieved by performing a quantitative linear 
traverse analysis (LTA) across the area of interest as is shown in figure 3.21 for the 
elements Al, Si, P, Ca and Sr. The standard deviation in concentration in the Al 
LTA is relatively high. This is due to the dispersed homogeneous distribution of the 
element, which is observable in the Al QECD. Similar relatively high standard 
deviation in concentration for Si is also visible and is also due to the dispersed but 
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homogeneous distribution of the elements. The linear correlation can be seen between 
the concentrations of P and Ca in the linear travesrse analyses. 
 
                                        
 
                                          
 
                                           
 
                                             
 
Figure 3-22 Correlations between concentrations, based on the X-ray emission data, of the correspond-
ing elements P-Ca, P-Al, Si-Al, S-Al, Cr-Ca, Fe-Ca, Si-Ca and S-Ca in the length distance 340 m to 
2100 m from the edge of the scale of Pomadasys kaakan. 
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Correlations, based on the X-ray emission data of the concentrations of the corre-
sponding elements P-Ca, P-Al, and Si-Al, S-Al, Cr-Ca, Fe-Ca, Si-Ca and S-Ca in the 
length distance 340 m to 2100 m from the edge of the fish scale of Pomadasys 
kaakan are shown in figure 3.22.  
 
The high degree of linearity in the P-Ca correlation is observable, and is due to the 
presence of HAP. The low degree of inter-correlation for the other elements suggests 
that these elements are not affected by the presence of the others.  
 
 
 
Figure 3-23 Total spectrum, based on the proton-induced X-ray emission data for the entire scanned 
area of 1760 m × 400 m (length by width), that is, for the distance length of 2100 m to 3860 m. 
The green line represents the X-ray data, the red line the fit to the data, the purple line the back-
ground, the blue line Si escape peaks and yellow line is the pileup from the data.      
 
 
 
The total spectrum, based on the proton-induced X-ray emission data for the entire 
scanned area of 1760 m × 400 m (length by width), that is, for the distance length 
of 2100 m to 3860 m (Region 3), is shown in figure 3.23. 
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Figure 3-24 Total spectrum, based on the backscattered data for the entire scanned area of 1760 m × 
400 m, that is, in the distance length of 2100 m to 3860 m, of the scale of the Pomadasys kaakan.  
 
 
 
 
 
The total spectrum, based on the backscattered data for the entire scanned area of 
1760 m × 400 m, that is, in the distance length of 2100 m to 3860 m, of the scale 
of the fish Pomadasys kaakan, is shown in figure 3.24. 
 
 
 
 
 
Figure 3-25 Total spectrum, based on the electron-induced X-ray emission data, for the entire scanned 
area of 1760 m × 400 m, that is, for the distance length of 2100 m to 3860 m, of the scale of the 
Pomadasys kaakan. The green line represents the data, the red line the fit to the data and the blue 
line the background.   
 
 
The total spectrum, based on the electron-induced X-ray emission data, for the entire 
scanned area of 1760 m × 400 m, that is, for the distance length of 2100 m to  
3860 m, of the scale of the fish Pomadasys kaakan, is shown in figure 3.25. The Kα  
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emission line of Sr is not observed in the SEM spectrum since its concentration is be-
low the MDL for this element in SEM. 
 
 
Region 3 
 
 
Figure 3-26 Scale of the Pomadasys kaakan (inset) showing the scanned area of 1760 m × 400 m 
(length by width) for the length distance of 2100 m to 3860 m (Region 3). In the alongside three 
images the 2100 m corresponds to the 1700 m and the 0 m corresponds to 3860 m. The distribu-
tion of the elements is discussed from the 1700 m mark to the 0 m mark. The quantitative ele-
mental concentration distributions based on the X-ray emission data, of the elements Ca, P and Al in 
the scanned area. Various concentration regions are discernible in the scanned area. 
 
 
The QECDs, based on the X-ray emission data, of Ca, P and Al in the length dis-
tance of 2100 to 3860 m (Region 3) are shown in figure 3.26.  There is continuity 
between the QECD of Ca in this scanned area and the QECD of Ca in the initial 
scanned area. There is how ver an increase in Ca concentration for the length dis-
tances from 2100 m to 3860 m in the scanned area. The low Ca concentration lo-
cated on the right-hand side of the scanned area represents the annulus, in which the 
concentration of the element is low. More so, the concentration of Ca decreases in 
the vicinity of the annulus. Similar trends in the QECD of P are observable, with the 
exception that the concentrations are lower than those for Ca. The relatively low 
concentration of P to the right-side of the QECD is also representative of the annu-
lus, in which the P concentration is low. There is no discernible concentration region 
or demarcation in the Al QECD. This means that the Al contamination also occurs 
in the annuli of the fish scale. The QECDs, based on the X-ray emission data, of Sr, 
Si and S in the length distance region of a 2100 m to 3860 m are shown in  
figure 3.27.  The QECD of Sr is homogeneously distributed.   
 
In constrast to the QECDs of Ca and P, the Sr is also found in the annulus of the 
scale. In the Si QECD two regions are observable. In the first region, that is for the 
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length distance of 2100 m to 3380 m, the concentration is constant. The 
concentration however increase in the region 3380 m to 3860 m. In the S QECD 
two concentration regions are discernible. The concentration is high in the region 
2100 m to 3380 m and low region 3380 m to 3860 m. 
 
                                          
 
Figure 3-27 The quantitative elemental concentration distributions, based on the X-ray emission data, 
of  the elements Sr, Si and S in the length distance region of a 2100 m to 3860 m from the edge of 
the scale of Pomadasys kaakan. 
 
 
 
The QECDs, based on the X-ray emission data, of the elements Fe, Mn, V, Ti, Se, 
Ni and Cr in the length distance region of a 2100 m to 3860 m, are shown in  
figure 3.28. There are no observable concentration regions for these elements in the 
scanned area. It is therefore assumed that the uptake of the elements was constant 
and low. 
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Figure 3-28 The quantitative elemental concentration distributions, based on the X-ray emission data, 
of the elements Fe, Mn, V, Ti, Se, Ni and Cr in the length distance region of  2100 m to 3860 m 
from the edge of the scale of Pomadasys kaakan. 
 
       
 
Concentration correlations, based on the X-ray emission data, of the corresponding 
elements P-Ca, P-Al, and Si-Al, S-Al, Cr-Ca, Fe-Ca, Si-Ca and S-Ca in the length 
distance 340 m to 2100 m from the edge of the fish scale of Pomadasys kaakan are 
shown in figure 3.29. The linear correlation of P and Ca is not as strong as in the 
previous regions. Since this region is near to the focus of the fish scale. The poor cor-
relation indicates that here the scale is in the beginning stages of formation or incor-
poration of HAP. 
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Figure 3-29 Concentrations correlations, based on the X-ray emission data, of the corresponding ele-
ments P-Ca, P-Al, Si-Al, Al-S Cr-Ca, Fe-Ca, Si-Ca and S-Ca in the length distance 2100 m to  
3860 m from the edge of the scale of Pomadasys kaakan. 
 
 
No linearity exists for each of the other inter-element comparisons. Hence we can 
infer that some of these elements were taken up independently of the others and then 
incorporated into the fish-scale matrix. 
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Figure 3-30 Quantitative linear traverse analyses (LTA), based on the X-ray emission data, of the 
corresponding elements such as Al, Si, P, Ca and Sr in the first 340 m from the edge of the scale of 
Pomadasys kaakan. The width of the LTA was 200 m. 
 
 
 
Quantitative linear traverse analysis (LTA), based on the X-ray emission data, of the 
corresponding elements such as Al, Si, P, Ca and Sr in the first 340 m from the edge 
of the fish scale of Pomadasys kaakan, is shown in figure 3.30. The width of the LTA 
was 200 m. 
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Figure 3-31 Total spectrum, based on the proton-induced X-ray emission data for the entire scanned 
area of 1760 m × 400 m (length by width), that is, for the distance length of 3860 m to 5620 m. 
The green line represents the X-ray data, the red line the fit to the data, the purple line the back-
ground, the blue line Si escape peaks and yellow line is the pileup from the data.  
 
 
 
The total spectrum, based on the proton-induced X-ray emission data for the entire 
scanned area of 1760 m × 400 m (length by width), that is, for the distance length 
of 3860 m to 5620 m, is shown in figure 3.31. 
 
 
 
 
 
Figure 3-32 Total spectrums, based on the backscattered data for the entire scanned area of 1760 m 
× 400 m, that is, in the distance length of 3860 m to 5620 m, of the scale of the Pomadasys 
kaakan. 
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The total spectrum, based on the backscattered data for the entire scanned area of 
1760 m × 400 m, that is, in the distance length of 3860 m to 5620 m, of the scale, 
is shown in figure 3.32. 
 
 
 
 
 
Figure 3-33 Total spectrum, based on the electron-induced X-ray emission data, for the entire scanned 
area of 1760 m  × 400 m, that is, for the distance length of 3860 m to 5620 m, of the scale of the 
Pomadasys kaakan. The green line represents the data, the red line the fit to the data and the blue 
line the background. 
 
 
 
 
Region 4 
 
 
Figure 3-34 Scale of the fish Pomadasys kaakan (inset) showing the scanned area of  
1760 m × 400 m (length by width) for the length distance of 3860 m to 5620 m (Region 4). In the 
alongside three images the 1700 m corresponds to the 3860 m and the 0 m corresponds to 5620 
m. The distribution of the elements is discussed from the 1700 m mark to the 0 m mark.  The 
quantitative elemental concentration distributions based on the X-ray emission data, of the elements 
Ca, P and Al in the scanned area. Various concentration regions are discernible in the scanned area. 
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The total spectrum, based on the electron-induced X-ray emission data, for the entire 
scanned area of 1760 m × 400 m, that is, for the distance length of 3860 m to 
5620 m (Region 4), of the scale of the fish Pomadasys kaakan, is shown in  
figure 3.33. 
 
The QECDs, based on the X-ray emission data, for the elements Ca, P and Al for 
the length distance of 3860 m to 5620 m for the fish Pomadasys kaakan, is shown 
in figure 3.34. This length distance, from 4900 m to 5620 m, includes the focus re-
gion of the fish scale.  
  
                
 
                                               
 
Figure 3-35 The quantitative elemental concentration distributions, based on the X-ray emission data, 
of  the elements Sr, Si S, Zn, Cu, Ti and V in the length distance region of a 3860 m to 5620 m 
from the edge of the scale of Pomadasys kaakan. 
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Three regions are distinguishable in the Ca QECD. There is however very little con-
centration difference between the Ca in the field posterior to the focus and Ca in the 
focus. The area of low concentration on the right-side of the Ca QECD is the region 
of the annulus.  
 
The QECD of P is similar to that of Ca, that is, the concentration of P in the field 
posterior to the focus to that in the focus. The Al QECD is however homogeneously 
distributed throughout this scanned area. In addition, the concentration of Al in this 
region is relatively higher that in the previous scanned area (2100 m to 3860 m).  
 
This means that relatively high levels of Al were present in the river from the very 
onset of the fish‟s life. This degree of pollution only abated during the growth of the 
scale in the previous length distance. The QECDs, based on the X-ray emission data, 
of the elements Sr, Si, S, Zn, Cu, Ti and V in the length distance region of a 3860 m 
to 5620 m, are shown in figure 3.35. There are no observable concentration regions 
for these elements in the scanned area.  The QECDs, based on the X-ray emission 
data, of the elements Fe, Mn, Ni, and Se in the length distance region of a 3860 m 
to 5620 m, are shown in figure 3.36.  
  
 
 
 
                  
 
Figure 3-36 The quantitative elemental concentration distributions, based on the X-ray emission data, 
of  the elements Fe, Mn, Ni and Se in the length distance region of a 3860 m to 5620 m, of the scale 
of Pomadasys kaakan. 
 
 
There are no observable concentration regions for these elements in the scanned area. 
Quantitative linear traverse analysis (LTA), based on the X-ray emission data, of the 
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Figure 3-37 Quantitative linear traverse analysis (LTA), based on the X-ray emission data, of the cor-
responding elements such as Al, Si, P, Ca and Sr in in the length distance region of a 3860 m to 
5620 m of the scale of Pomadasys kaakan. The width of the LTA was 200 m. 
 
  
 
 
corresponding elements such as Al, Si, Ca, P, and Sr in the in the length distance 
region of a 3860 m to 5620 m of the fish scale of Pomadasys kaakan, is shown in 
figure 3.37. The width of the LTA was 200 m. 
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Figure 3-38 Concentrations correlations, based on the X-ray emission data, of the corresponding ele-
ments P-Ca, P-Al, and Fe-Ca in the length distance 3860 m to 5620 m from the edge of the scale of 
Pomadasys kaakan. 
 
 
 
Concentrations correlations, based on the X-ray emission data, of the corresponding 
elements P-Ca, P-Al, and Fe-Ca in the length distance 3860 m to 5620 m of the 
fish scale of Pomadasys kaakan are shown in figure 3.38.  
 
 
 
Figure 3-39 Concentrations correlations, based on the X-ray emission data, of the corresponding ele-
ments Si-Ca, S-Ca and Cr-Ca in the length distance 3860 m to 5620 m from the edge of the scale of 
Pomadasys kaakan. 
 
 
The linear correlation of P and Ca is weaker than in the previous regions. Since this 
region is near to the focus of the fish scale it indicates that in the beginning stages of 
growth HAP is either formed or incorporated into the matrix. 
 
Concentration correlations, based on the X-ray emission data, of the corresponding 
elements Si-Ca, S-Ca and Cr Ca in the length distance 340 m to 2100 m from the 
edge of the fish scale of Pomadasys kaakan are shown in figure 3.39.  
 
The linear correlation of P and Ca is weaker than in the previous regions. Since this 
region is near to the focus of the fish scale, it indicates that in the beginning stages 
the formation or incorporation of HAP was homogeneous. 
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Figure 3-40 Concentrations correlations, based on the X-ray emission data, of the corresponding ele-
ments Al-Ca, Si-Al and S-Al in the length distance 3860 m to 5620 m from the edge of the scale of 
Pomadasys kaakan. 
 
 
No linearity exists for each of the other inter-element comparisons. Hence these 
elements did not affect each others incorporation into the fish scale matrix. Concen-
trations correlations, based on the X-ray emission data, of the corresponding ele-
ments Al-Ca, Si-Al and S-Al in the length distance 3860 m to 5620 m of the fish 
scale of Pomadasys kaakan are shown in figure 3.40. 
 
 
 
 
Figure 3-41 Concentrations correlations, based on the X-ray emission data, of the corresponding ele-
ments Ca-Al, Fe-Al and Cr-Al in the length distance 3860 m to 5620 m of the scale of Pomadasys 
kaakan. 
 
 
 
Concentrations correlations, based on the X-ray emission data, of the corresponding 
elements Ca-Al, Fe-Al, and Cr-Al in the length distance 3860 m to 5620 m of the 
fish scale of Pomadasys kaakan are shown in figure 3.41. 
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3.3 Three dimensional (3-D) analysis of the fish scale.   
 
In the previous section 3.1 the 2-D analysis of the fish scale was discussed and it was 
found that some of the elements have been incorporated homogeneously and others 
heterogeneously. In this section the cross-sectional quantitative elemental concentra-
tion and distributions of the elements are discussed. The dimensions of the scanned 
areas are 150 m × 200 m, and then for three sections, 600 m × 2300 m.  The 
scanned areas are indicated in figure 3.42. 
 
The quantitative elemental concentration distribution of the elements Ca, P and Al 
are shown in figure 3.43. From the quantitative elemental concentration distributions 
it is evident that HAP is formed predominantly in the core of the scale. Towards the 
ends of the edge the matrix consists mostly of KRT. However, from the correlation 
the Ca and P quantitative elemental concentration distributions, which should be in 
the concentration ratio of 2:1, it is evident that the ratio is less than 2:1. This means 
that the concentration of P is relatively more hence P is probably also present as 
AlPO4. Aluminium (ALM) is also incorporated into this core area. In the width 
length of 150 µm the concentrations of all Ca, Al and P are relatively low. This 
means that areas of KRT are formed in the core of the fish scale. The linear traverse 
analyses across the cross-sectional area of Ca, P and Al and of the trace elements are 
shown in figure 3.45. 
 
 
 
 
Figure 3-42 Illustration of three areas (1, 2 & 3) of the fish scale of Pomadasys kaakan that was cut 
and scanned along the surface as indicated in (a, b & c).  
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Figure 3-43 Quantitative elemental concentration distributions (QECDs) of Ca and P, the major ele-
ments, and of Al a pollutant, found in the cross-section of the fish scale matrix. The QECDs are based 
on X-ray emission data. The right side of the cross-sectional areas is the front side facing the water 
and the left side is attached to the body.  
 
 
 
 
 
 
Figure 3-44 Total spectrum, based on the proton-induced X-ray emission data for the entire scanned 
area of 150 m × 250 m (length by width). The green line represents the X-ray data, the red line the 
fit to the data, the purple line the background, the blue line Si escape peaks and yellow line is the 
pileup from the data. 
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The quantitative elemental concentration distributions of Ca and P show the same 
trend. The quantitative elemental concentration distributions of the minor and trace 
elements, with the exception of Sr, are heterogeneous and therefore these elements do 
not affect the distribution of the major elements. More so, distributions of these ele-
ments are sporadic and at certain length intervals are present below the minimum 
detection limit.  
 
 
 
Figure 3-45 The quantitative linear traverse analysis (LTA), based on the X-ray emission data, across 
the length of the cross-sectional area of the fish scale. To the left are the LTAs of the major elements 
Ca and P and Al. To the right are the LTAs of the heavy metals to indicate any correlation with 
those of the major elements and Al. The inset is the quantitative elemental concentration distribution 
of Ca. The width of the LTA was 200 m. 
 
 
 
Correlations between the concentrations of the elements Ca and P and Fe and Al are 
shown in figure 3.45. From the trend of the correlation of Ca and P it is evident that 
these elements are linearly correlated in the region of high concentration. 
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Figure 3-46 The quantitative concentration correlations of Ca and P (to the left) and of Fe and Al (to 
the right). The correlations are based on the X-ray emission data generated by GeoPIXE softwar. 
 
 
 
The concentration correlation trend of Fe and Al is diffused, which means that these 
elements are not co-distributed and hence do not affect the QECDs of each other‟s.  
 
 
To illustrate the chemical formation of Al with P, the P and Al QECDs are overlaid 
on one another, as shown in figure 3.47. From these maps it is evident that AlPO4 is 
mostly formed in the core of the fish scale than on the periphery.  
 
 
 
Figure 3-47 The graphic representation of quantitative concentration correlations of Al and P (in the 
centre) to show any hetero- or homogeneity. The correlations are based on the X-ray emission data 
and are overlaid on the Al quantitative elemental concentration distribution. 
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Figure 3-48 Quantitative elemental concentration distributions (QECDs) of P and Ca, the major ele-
ments, and of Al found in the cross-section “a” in figure 3.42 of the fish scale matrix. The QECDs are 
based on X-ray emission data. 
 
 
 
 
 
 
 
 
 
     
 
Figure 3-49 Quantitative elemental concentration distributions (QECDs) of P and Ca, the major ele-
ments, and of Al found in the cross-section “b” in figure 3.42 of the fish scale matrix. The QECDs are 
based on X-ray emission data. 
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Figure 3-50 Quantitative elemental concentration distributions (QECDs) of P and Ca, the major ele-
ments, and of Al, the pollutant, found in the cross-section “c” in figure 3.42 of the fish scale matrix. 
The QECDs are based on X-ray emission data. 
 
 
 
3.4 Discussion 
 
The region 1 of the fish scale scanned was that from the edge of the scale where 
growth must be happening where the scale joins the body. The edge of the scale was 
set as 340 µm and the end of the distance 0 µm.  
In the 2-Dimensional analysis of the fish scale it was found that the incorporation of 
HAP and CCB is constant only after the first 100 m of growth from the edge of the 
scale. 
 
 In the region of 340 m to 250 m range there is clear indication that the scale ma-
trix consists mostly of keratin. 
The homogeneous distribution of Al QECD for the scan area e. g. Region 4 from the 
edge of the fish scale of Pomadasys kaakan indicates that Al contamination was con-
stant. 
  
No significant inter-element correlation was found. This is due to irregular distribu-
tion of the elements. It is important to note with regard to the QECD that Al in ar-
ea of Region 4 is relatively higher than in the area 2100 m to 3860 m presumable 
due to relatively high levels of Al presence in the river from the very onset of the 
fish‟s life. This amount of Al QECD only it was found along a growth of the scale in 
the length distance. In the region of the focus was found clear indication of the  
Un
ive
rsi
ty 
of 
Ca
pe
 T
ow
n
page 82 
 
beginning stages of the formation either incorporation of HAP as part integrant in 
matrix composition of the fish scale.  
 
In the linear traverse analysis (LTA) the correlation between the concentrations of P 
and Ca is irregular in some regions due to dispersed distribution of the elements. It 
was found that there is no discernible concentration region or demarcation in the Al 
QECD suggesting that the Al contamination also occurs in the annuli of the fish 
scale. The standard deviation of Si is high due to heterogeneous distribution of the 
elements in different regions. 
 
On the base of the three dimensional analyses it was found that the quantitative el-
emental concentration and distributions of the elements such as Ca and P were simi-
lar. The trace and minor elements except Sr are heterogeneously distributed although 
the distributions of the major elements are not affected. It was shown that at certain 
length intervals the distribution of these elements are not detectable and they are 
present in quantities below the minimum detection limit. 
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Chapter Four  
4 Comparative analysis of scales of four different fish species 
 
4.1 Introduction 
 
Elemental distribution in a single scale of Pomadasys kaakan was described in chap-
ter three. This chapter compares quantitative elemental concentration distribution 
patterns in the scales of three other species of fish to see if there are obvious differ-
ences in pattern. This data will allow us to see if a particular species of fish would be 
especially useful in further studies. A cycloid scale of the type found in Pomadasys 
kaakan and Lithognathus mormyrus (to the left) and a ctenoid scale of type found in 
Lutjanus gibbus and Pinjalo pinjalo (to the right) are illustrated  in figure 4.1.  
 
 
                          
 
Figure 4-1 Illustration of the scanned area of cycloid scales of Pomadasys kaakan and Lithognathus 
mormyrus (on the left) and scanned areas of the ctenoid scales of Lutjanus gibbus and Pinjalo pinjalo 
(on the right). “A” indicates the scanned areas of the scales. 
 
 
The aim of this section of the work was to see if the morphology of the scales is simi-
lar in different species and if the apparent degree of uptake of metals would be com-
parable. The three species used for comparisons were Lutjanus gibbus, Pinjalo pinjalo 
and Lithognathus mormyrus. Geographic coordinates of the positions where the fish-
es were caught are given in table 4.1.  These species and localities were chosen since 
residential areas are located close to these rivers and the four species of fish form a 
major part of the diet of the local inhabitants. 
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Table 4-1 Localities in terms of GPS coordinates, where the specimen fish were caught. 
 
Type of fish GPS Coordinates Place Mass (g) Length (cm) Age (days) 
Pomadasys kaakan 25
0 58
‟‟
 29
‟
 and 320 26
‟‟
 14‟ Matola River 2700 42 365±30 
Lithognathus mormyrus 25
0 54
‟‟
 07
‟
 and 320 49
‟‟
 52
‟ 
Maputo Bay 2000 39 365±35 
Lutjanus gibbus 26
0 58
‟‟
 00
‟
 and 320 29
‟‟
 46
‟ 
Espirito Santo Estuary 2500 40 365±35 
Pinjalo pinjalo 26
0 03
‟‟
 18
‟
 and 320 28
‟‟
 30
‟ 
Tembe River 3000 41 365±25 
 
 
In the previous sections, the elements analysed were Ca, P, Al, S, Sr, Si, Fe, Cr, Ti, 
V, Mn, Ni, Cu, Zn, and Se. In this chapter the elemental distribution of Ca, P, Al, S, 
Fe and Cr are examined because these are the elements shown to have interesting 
distributions. 
 
4.2 Results of PIXE analysis 
4.2.1 The comparison of hydroxyl apatite (HAP), keratin (KRT) and       
calcium carbonate (CCB)    
 
The quantitative elemental concentrations and distributions extracted from -PIXE 
of Ca, P, Al, S, Fe and Cr are indicated in the corresponding figures 4.2 to 4.7.  
 
Hydroxylapatite consists of Ca (40%) and P (20%). Hence if Ca and P are present in 
the ratio of 2:1, then the composition is pure hydroxyl apatite. If the concentration 
ratio is greater than 2:1, then the Ca is present in a comparatively higher concentra-
tion. Hence the composition would be HAP and calcium carbonate (CCB), CaCO3. If 
the Ca concentration is less than 40%, and the P concentration is less than 20%, 
then the reminder of the composition is keratin. If the Ca:P ratio is less than 2:1, 
then  P is combined with another element (e.g. Al, as AlPO4). 
 
 
The scan of Pomadasys kaakan in figure 4.2A shows that only keratin is formed in 
the first 40 m of growth. The first 40 m has low concentrations of both Ca and P. 
The concentration of Ca is approximately 1% and that of P is approximately 0.5%. 
This yields a concentration of HAP of 2.5%. Hence the CaCO3 composition is low 
(<1.0%). Therefore this area predominantly consists of approximately 97.0% keratin.  
 
The scan of the scale of Lithognathus mormyrus figure 4.2B shows that the first  
5 m growth is predominantly keratin and that the Ca concentration is very high in 
comparison with that of Pomadasys kaakan due to the fact that Ca and P constitute 
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the major part of the scale matrix.  The concentrations of Ca and P in the first 5 m 
are 5 % and 2 % respectively. Considering the P concentration, then the concentra-
tion of HAP is approximately 10%. The excess of Ca is 5 % and hence the CaCO3 
concentration is approximately 1.25 %. Therefore the concentration of keratin in this 
region is approximately 89 %.    
 
In the first growth of the scale of Lutjanus gibbus figure 4.2C Ca and P are present 
in high percentages and keratin is located primarily in the annuli.The edge region for 
about 400 m consists of a maximum of 25% Ca and a maximum of 12% P. Hence 
the region consists of a maximum of 68% HAP and 32% keratin. Moreover, the Ca 
and P are predominantly located in the circuli of the scale (maximum 25% and 
12.5%) and to a less extent in the annulis (maximum 5% and 2.5% respectively). 
Note that the distance between consecutive circuli is about 25 m. 
 
In Pinjalo pinjalo, figure 4.2D Ca and P comprise the major part of the scale matrix. 
In the scale of Pinjalo pinjalo, the distance between consecutive circuli is about  
300 m. In the first approximately 100 m from the edge the Ca concentration is 
about 16 % and the P concentration about 8%. This yields an HAP concentration of 
about 40% and keratin concentration of about 60%. 
 
Note that the results for P. kaakan and P. pinjalo do not indicate the absence of ker-
atin in the matrix but merely that the percentage of keratin is low relative to the 
concentrations of Ca and P. 
 
4.2.2 The concentration of Al and S         
 
The Al concentration is exceptionally high only in the scale of Pomadasys kaakan 
(note differences in concentration in the vertical axis of figure 4.4A). In the scales of 
the other three species the Al concentration is in the parts per million ranges. Fur-
thermore, higher concentrations of S, approximately 2%, were found in Pomadasys 
kaakan than in the other scales.  
 
4.2.3 Comparison of Fe and Cr concentrations 
  
For both Fe and Cr distributions, the concentrations of both Fe and Cr are higher 
by and order of magnitude in L. gibbus than in the other three species. 
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4.3 Discussion 
 
The life cycle of Lithognathus mormyrus can be diadromous (catadromous fish spe-
cies are born in fresh water and live there for the first year of the life cycle and then 
migrate to seawater to spawn while anadromous-fish species that spend all or part of 
the adult life cycle in seawater, but migrate to freshwater areas to spawn) (Koutrakis 
et al., 2005; Malavasi, 2004) hence this species spent part of their lives in saltwater 
and other part in freshwater. Lithognathus mormyrus is born in salt water areas and 
migrate to freshwater environment where growing occurs (Smith, 1938). At maturity 
the species return to marine water to spawn. Lutjanus gibbus has the same anadro-
mous migration as Pomadasys kaakan FAO (1997). Pinjalo pinjalo is typically catad-
romous hence it is born in marine environment and migrated to freshwater areas 
where spend their lives growing and as adults they return to the sea for breeding 
(FAO, 1997). Hence catadromous species are best for studying pollution as these spe-
cies spend the first year of the life cycle in freshwater. 
 
Differences in QEDCs in the different species could be a result of various factors. 
The obvious and most important factor is the concentrations of the pollutants in the 
ambient environment. P. kaakan spends the first year of its life cycle in the Matola 
River into which at times residential and industrial effluent is discharged. It is ex-
pected that the elemental concentrations would be relatively higher in comparison to 
those in scale of the fish P. pinjalo that spent part of its life cycle in Tembe River. 
There are no industrial manufacturers on the periphery of the Tembe and the popu-
lation is small. Also, the Fe and Cr concentrations in P. kaakan should be lower than 
the concentrations of these elements in L. gibbus which was caught in the Espirito 
Santo Estuary. 
 
 The kinetics of the physiological uptake might also differ from species to spe-
cies, and hence the concentrations would also differ; 
 The fishes might also have been exposed to effluents with different chemical 
compositions at different time intervals; 
 It is possible, but unlikely that pollutants such as Al are not found in all the 
scales of a simple fish specimen. 
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Figure 4-2 Comparative analysis of Ca in the scales of the fish Pomadasys kaakan (A), Lithognathus mormyrus (B) the Lutjanus gibbus (C) and Pinjalo pinjalo 
(D). The scanning area is 400 m × 400 m                                                                                                                               
A B 
C D 
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Figure 4-3 Comparative analysis of P in the scales of the fish Pomadasys kaakan (A), Lithognathus mormyrus (B) the Lutjanus gibbus (C) and Pinjalo pin-
jalo (D). The scanning area is 400 m × 400 m. 
A B 
C D 
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Figure 4-4 Comparative analysis of Al in the scales of the fish Pomadasys kaakan (A), Lithognathus mormyrus (B) the Lutjanus gibbus (C) and Pinjalo pin-
jalo (D). The scanning area is 400 m × 400 m. Note that the concentration of Al in P. kaakan is in % mass/mass. 
A B 
C D 
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Comparative analysis of S in the scales of the fish Pomadasys kaakan (A), Lithognathus mormyrus (B) the Lutjanus gibbus (C) and Pinjalo pinjalo (D). The 
S 
S 
S 
S 
A B 
C D 
Figure 4-5 Comparative analysis of S in the scales of the fish Pomadasys kaakan (A), Lithognathus mormyrus (B) the Lutjanus gibbus (C) and  
Pinjalo pinjalo (D). The scanning area is 400 m × 400 m.       
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C D 
Figure 4-6 Comparative analysis of Fe in the scales of the fish Pomadasys kaakan (A), Lithognathus mormyrus (B) the Lutjanus gibbus (C) and Pinjalo pinjalo (D). 
The scanning area is 400 m × 400 m. 
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Figure 4-7 Comparative analysis of Cr in the scales of the fish Pomadasys kaakan (A), Lithognathus mormyrus (B) the Lutjanus gibbus (C) and Pinjalo pin-
jalo (D). The scanning area is 400 m × 400 m.        
B 
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Chapter Five  
5 Results: Growth patterns of fish scales 
 
5.1 Introduction 
 
In this chapter the elemental quantification of the incremental growth patterns in the 
fish scale is discussed. Although these patterns have been described mathematically, 
the aim of this chapter is to quantify the patterns chemically. 
 
5.2 Quantification of growth patterns 
 
The growth pattern of fish scales is characteristically anisotropic (Smlyar & Bro-
mage, 2004). More so, the respective growth patterns are at times also intermittent, 
convergent, divergent, continuous or discontinuous. Because of anisotropy, the fish 
scale growth has previously been described in fuzzy mathematical terms (Smlyar & 
Bromage, 2004).  This Smlyar & Bromage model does not take into account the ele-
mental chemical compositions displayed in these types of growth pattern. The 
Smlyar & Bromage model has been extensively applied for scales of fish, contributing 
to environmental data bases and information about the life history of fishes based on 
the work of Pepin (1991) and Friedland (1998). Incremental patterns of growth can 
be used for environmental purposes such as pinpointing pollution events by examin-
ing metal concentrations in fish scales.  
 
The growth of fish scales results in rhythmically constructed rings, termed circuli, 
which are demarcated by annuli (figure 5.1). The regions between two circuli are 
termed incremental bands (IBs) which exhibit characteristically anisotropic growth. 
This is important as it encrypts events, such as pollutants in the ambient water, into 
the fish scales.  
Each analysis was repeated five times (n=5). Only the carbon mass percentage was 
used in this evaluation. 
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Figure 5-1 Original scanning electron micrographs of the fish scale of Pomadasys kaakan. In A the 
annuli and circuli are indicated (bar equals 500 m). The frontal growth and the incremental band 
(IB) are shown in B (bar equals 50 m). In C are shown the incremental band and the frontal growth 
on a smaller scale to emphasize the size (bar equals 5 m). The arrow indicates the direction of 
growth. In B the complete and disrupted circulus is observable. 
 
 
In figure 5.1(A) the circuli and annuli are shown. In (B) the curculi are shown at a 
higher magnification. In (C) the incremental band and the frontal growth are shown 
on a higer magnification (smaller scale) to emphasize the size of the band and the 
circulus.  
To provide a quantitative description of variation in growth over time, a discrete 
conceptual model based on the fuzziness of anisotropic growth has been developed by 
Smolyar & Bromage (2004). Various transverse growth patterns (figure 5.2), such as 
discontinuous (#1) or continuous (#2 to #5), which may be convergent (#2 to #4) 
or divergent (#5), have been proposed (Smolyar & Bromage, 2004).  As this model is 
purely mathematical, it does not address the effects of various factors.  
These factors are:  
1) The elemental concentration distributions of trace elements present in the matrix 
and if these distributions affect those of the major elements;  
2) The growth characteristics within the incremental band, that is, as the IB1 is 
traversed from the preceding circulus to the succeeding circulus;  
3) The effect of circulus width on IB size and growth characteristics in that area;  
4) The position in terms of the gates (a discontinuation of the growth pattern) of the 
IB and in terms of distance from the demarcation;  
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5) For continuous growth (#2 to #5), for which the composition should be 
statistically similar. Furthermore, the effects of exogenous factors, such as (pollution) 
events that occurred during the fish life history, could be detailed. These factors can 
be quantified in terms of the chemical composition as they are fundamentally of a 
chemical nature. 
 
    
Figure 5-2 Models of the various anisotropic growth patterns (A) of the fish scale represented as a  
relay net-work of incremental bands (IBs), adopted from (Smolyar & Bromage, 2004). Rn are  
transects. The arrows indicate the direction of growth. B show the model of the incremental band 
used in this study. 
 
 
 
5.3 Results 
 
Pattern #1 in figure 5.2 shows that the carbon composition of IB1 and IB2 cannot 
be related to that of IB3 (p<0.05 in both instances) different and that the 
composition of IB1 is not the same as the composition of IB2 (p<0.05) significantly 
differ. In #2, the growth pattern assumes continuity between concentrations of IB2 
and IB3 and hence p>0.05. However, p<0.05 when comparing the concentrations of 
IB1 and IB2 and also for IB1 and IB3. For #3, the continuity between IB1 and IB3 
is assumed and the concentrations should be similar (p>0.05), but not for IB1 and 
IB2 (p<0.05) and for IB1 and IB3 (p<0.05).  
The patterns #4 and #5 are both representative of a continuous growth pattern and 
p>0.05 for all comparisons. 
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The elemental concentrations (c), as % m/m, are defined as    
 
, for i = {KRT, CCB, 
HAP, ALM, T}, where T is the total concentration of the element in the matrix, and  
j = {C, O, N, P, S, Ca, Al}. N is found only in the keratin, hence        can be used to 
determine the percentage composition of KRT in the matrix. The concentrations of 
the other elements C, O, and N, in keratin that is     
 ,     
  and     
  can then be 
calculated (Tang et. al., 1997). Sulphur (S), possibly a pollutant, environment may 
then be calculated by difference (  
  −    
 ). Similarly, the percentage composition of 
the components of HAP can be calculated from     
  , since P is only present in HAP 
and from this concentration     
  and     
   can be calculated. Also the component 
percentage concentration of ALM can be determined from the aluminium 
concentration,     
  , and afterwards     
  can be calculated. Since O is not considered a 
pollutant, it can be determined by difference (                     ) and afterwards     
  
and     
   can be calculated. 
These calculations can now be applied to the various incremental bands, IBn. In the 
demarcation of IBn, that is, between the initial growth (and of the preceding 
circulus), to the frontal growth (beginning of the succeeding circulus), it is assumed 
that the chemical compositions, based on the C % m/m, of the circuli are similar to 
each other, but markedly different from the chemical composition of the IB. This is 
shown in figure 5.3.  Hence, the growth characteristics of component     
  in the IB 
area are conceived as a saddle region and for the purpose of this study the 
asymmetric double sigmoidal function (Mitchell, 1997) is used to determine the 
length of the IB region. This function has two maxima (high C % m/m of the circuli, 
which consists mostly of KRT) and a region (in µm) where the composition of       
does not change drastically (at the 95% confidence level).  
The asymmetric double sigmoidal function is expressed by the equation below: 
 
                    
  
     ( 
    
  
)
(  
 
     ( 
    
  
)
)                                     (5.1) 
 
where     
  is the concentration and d  the distance, ki  are constants determined by 
the fit to the data. The constraints to the equation are ki: i0; iN. The growth 
patterns are transverse to the growth direction of the fish scale and hence to the 
frontal movement.  To verify whether two chemical concentrations are statistically 
different, a value for p<0.05 was chosen because is very commonly used in biology. 
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The values of  , σ, the 95% confidence limits (CL) and p for    are given in table 5.1. 
All values are significant (p<0.05). 
 
Figure 5-3 A schematic representation of the incremental band (IB) used in this study. The IB for the 
mathematical conceptual model (Smolyar, 1997) is also indicated. ci is the concentration as % m/m of 
the component used to demarcate the IB. The incremental band is based on the double sigmoidal 
function with two maxima at distance 0 m and 9 m. 
 
 
The statistical evaluation of the parameters contained in equation 5.1 that was used 
for the determination of the incremental band area, is given in table 5.1. The 
incremental band region was found to be 8 µm ± 3 µm.  
The annuli and circuli are indicated in figure 5.1 (A). The frontal growth and the in-
cremental band (IB) are shown in (B). Disruptions in the structure of the circuli are 
visible. Furthermore, granular structures are located on the circuli. These granular 
structures have the same chemical composition and consist mostly of KRT and were 
not present in the areas where there was structural disruption.  
 
Table 5-1 Statistical evaluation of the parameters of equation 5.1 used to calculate the region distance 
of the incremental band. The concentration of C (% m/m) in the matrix component used was for 
    
 . σ is the standard error and CL is the confidence limits. 
 
ki Value σ 95% CL p 
1 47.31 0.49 46.28 48.33 <0.001 
2 -32.56 0.73 -34.09 -31.03 <0.001 
3 4.84 0.03 4.78 4.90 <0.001 
4 6.02 0.07 5.87 6.17 <0.001 
5 0.57 0.05 0.46 0.67 <0.001 
6 0.25 0.03 0.19 0.31 <0.000 
0 2 4 6 8 10
Distance (
20
25
30
35
40
45
50
c i
(%
m
/m
)
Direction of growth
preceeding circulus
succeeding circulus
IB [2]
IB
(for this study)
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Furthermore, the chemical compositions of the granule and the inter-granular areas 
were significantly different, 85% and 92% KRT respectively with p<0.05. For this 
reason the region selected for the evaluation of equation 1 was from the inter-
granular area to the preceding circulus to the inter-granular area of the succeeding 
circulus. 
 
The figure 5.1 shows the incremental band and the frontal growth on a smaller scale 
to emphasize the size correlation between the band and the circulus. The  
graphical representations of the PIXE, SEM and BS data (energy and counts), as 
spectra, are shown in figures 5.4, 5.5 and 5.6. The spectrum of the SEM data is 
shown in figure 5.4 in the energy region 0 to 5 keV. The elements with X-ray emis-
sion energies greater than 5 keV are present in the fish scale matrix in parts per mil-
lion ranges. 
 
These concentrations are below the minimum detection limit of the technique and 
are therefore not shown. The energy region displayed is from 0 to 5 keV since the 
elements in the matrix with X-emission energy higher than 5 keV are present in the 
parts per million ranges which are below the detection limit of the technique. The 
data were quantified using the manufacturer‟s computational software (JEOL, 
Japan).    
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Figure 5-4  Graphic representations, as a spectrum, of the SEM  X-ray emission. The fit to the 
data is represented by a continuous line, the data by ∎∎∎ and the background by |. The data 
are those accumulated over the entire region of 80 µm × 80 µm. 
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Figure 5-5  A spectrum of the PIXE , X-ray emission data obtained by proton bombardment. The fit 
to the data is represented by a continuous line, the data by ∎∎∎ and the background by - - -. The pile-
up from the spectrum and the Si escape peaks are also shown. The data are those accumulated over 
the entire region of 80 µm × 80 µm. 
  
 
 
In figure 5.5 the spectrum of the PIXE data is shown. Since the minimum detection 
limit of PIXE is in the parts per million ranges, the trace amounts of elements of 
high atomic number (Z > 0) can be seen. In figure 5.6 the spectrum of the BS data is 
shown. The arrows indicate the positions of the elements when located at the surface 
of the specimen.  
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The QECD of Ca as a major matrix element, Cr as a trace element and Al,  
a contaminant, are shown in figure 5.7.  
 
                       
Figure 5-7 The micro-PIXE quantitative elemental concentration distributions (QECDs) of the 
elements Al, Ca, Cr and in the fish scale matrix. The discrete dark (black) areas in th  e Ca and Cr 
region quantitative elemental concentration distributions represent the annuli. In the Al QECD the 
distribution of the element is homogenous. The data are those accumulated for the entire of  
80 µm × 80µm. 
 
 
From the quantitative elemental distribution of Ca it can be seen that Ca is predom-
inantly present in the incremental band with less in the circuli and mostly absent 
from the annuli. The distribution of Cr is similar to that of Ca in the incremental 
bands but less so in the annuli. The QECD of Al is homogeneous throughout the 
matrix of the fish scale. 
 
Figure 5-6  The spectrum of the BS data is shown. The fit to the data is represented by a 
continuous line, the data by ∎∎∎ and the background by |. The data are those accumulated 
over the entire region of 80 µm × 80 µm. 
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The average concentrations and minimum detection limits, based on PIXE and BS 
data, for the scanned area of other elements found in the matrix are given in  
table 5.2. 
 
 
Table 5-2 Average concentrations and minimum detection limits (MDLs) based on PIXE and BS 
data, for the scanned area 80 m × 80 m, of the elements Ca, Cr and Al and other elements detected 
in the fish scale matrix. Values as mass per mass are indicated in parts per million (ppm). The other 
values are in ppm concentrations. ND indicates that the elements are present in concentrations below 
the detection limit. 
 
El Al P S Ca Cr Mn Fe Ni Cu Zn Se Br Sr Mo 
Conc 36400 79900 50000 128000 52 208 20 29 ND 18 35 49 11500 ND 
MDL 10000 285 83 500 2 17 17 26 13 17 24 13 83 35 
 
 
For the incremental band area the data obtained could be fitted with the saddle 
function. This indicates that there is a marked difference in chemical composition be-
tween that of the area of the circulus and that in the incremental band. It was also 
found that in the regions of the circuli, where structure disruption occurred, and the 
incremental band area is smaller (see figure 5.1B). However, the chemical composi-
tion demarcation still exists. There is no significant difference between keratin com-
position of the annuli and the circuli.  
 
Most noticeably, the degree of aluminium incorporated in the annuli and circuli is 
nearly an order of magnitude lower than the aluminium incorporated into the IBs. 
For growth pattern #1 (discontinuous growth), the chemical compositions of IB1 
and IB2 are not significantly different and these compositions differ significantly from 
IB3. Thus, the growth pattern of #1 is applicable. For #2 the compositions of IB2 
and IB3 should not differ significantly as these two areas represent a continuum. 
This is however not the case and hence the growth pattern is not applicable.   
 
For #3 the compositions of IB1 and IB3 should also not differ significantly as these 
two areas represent a continuum. This is however not the case and hence the growth 
pattern is not applicable. In the case of #4 the average chemical composition of IB1 
and IB2 should not differ from that of IB3. This is however the case and hence the 
growth pattern is applicable. For #5 the average chemical composition of IB1 and 
IB2 should not differ significantly from that of IB3; since this is the case, the growth 
pattern is applicable.  
 
For the purpose of this study the incremental band region (figure 5.1B) was different 
from the fuzzy model in that in this conceptual model it was based on the frontal 
movement from the edge of the preceding forming front to the edge of the succeeding 
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forming front. Thus, the area of the succeeding annulus was incorporated into the 
model. As indicated in table 5.2, the chemical compositions of KRT in the annulus 
and the incremental band are vastly different and cannot be incorporated into a 
chemical model.  
 
5.4 Discussion 
 
In this study it was shown that the mathematical model for the anisotropic growth 
in fish scales can to an extent be correlated with the chemical composition model 
given in table 5.3. 
 
Furthermore, the incremental band structure is confined to the area in between two 
circuli and not from the forming front of the preceding circulus to the forming front 
of the succeeding circulus. 
 
The mathematical function presented in 5.1 allows us to make some comparisons 
between the different structures of the fish scales. It was found that the anisotropy 
pattern of the elemental distribution in fish scale results in a description growth in 
two dimensions and can be described as fuzzy. 
The incremental pattern of growth of the fish scale shows a unique combination of 
useful features. Fish scales can easily being accessed and their preparation for 
analysis is quite simple. They can thus be used to report on the life history of both 
the fish and the environment (Pepin, 1991; Friedland, 1998 & Guambe et al., 2012). 
The similarities between fish scale incremental patterns and other such patterns from 
diverse biological samples were discussed by (Smolyar and Bromage, 2004): 
The incremental bands of different incremental patterns represent one cycle of 
growth. The length of incremental band is a measure of the growth rate of the 
incremental pattern. 
A growth rate of incremental patterns was found as a function of internal factors. 
Incremental patterns may therefore be used in identifying the growth-rate variability 
as has been applied in the fish scales of Pomadasys kaakan, the javelin grunter, in 
the present work. 
The structure of incremental band can be used as a source of diagnostic information 
about events in the life history of incremental patterns of fish. 
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This work identifies differences in chemical composition between the area of the 
circulus and the area of the incremental bands due to the anisotropic pattern of 
growth of the fish scale.  
In the region of the circuli where disruption of pattern occurs the incremental band 
area is smaller and chemical composition demarcation still exists. 
The composition of keratin of the annuli and circuli was slightly different. However, 
the degree of incorporation of aluminium into the annuli and circuli is lower than the 
aluminium incorporated into the IBs. In chapter 3, aluminium was identified as a 
major pollutant in the fish scale of Pomadasys kaakan. In the present section the 
values of aluminium oxide (Al2O3) found in the incremental bands are shown in the 
table 5.3. This implies that Al is incorporated more strongly in the IB than in the 
circulus.  
The growth pattern #1 (discontinuous growth) and the chemical composition of IB1 
and IB2 are not significantly different and slightly differ with the IB3.  
It was found that the growth of fish scales is anisotropic and can be correlated with 
the chemical composition of the elements. However the continuous divergent growth 
pattern cannot be accounted for. More so, the incremental band structure is confined 
to the area in between two circuli and not from the forming front of the preceding 
circulus to the forming front of the succeeding circulus. 
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Table 5-3 Matrix component compositions and standard deviations in the compositions (σ), based on SEM, PIXE and BS data, of keratin (KRT), hydroxy-
apatite (HAP), calcium carbonate (CCB) and aluminum oxide (ALM) found in the incremental bands, the circuli and annuli. The composition is expressed in 
percentage mass per mass. pIBn values are also given. The p value for the annuli and circuli, pa,c is also given. 
 
# IB KRT % ± σ                 pIBn                        HAP % ± σ                   pIBn          CCB % ± σ                 pIBn          ALM % ± σ                 pIBn        
1 IB1 26.1 ± 0.4 p1,2=0.03 42.2 ± 0.9     =0.006 20.3 ± 0.4   , =0.002 12.5 ± 0.3     =0.006 
 
IB2 25.3 ± 0.7   , <0.001 36.4 ± 0.9     <0.005 27.2 ± 0.9   , =0.004 11.4 ± 0.4     =0.003 
 
IB3 20.1 ± 0.5   , <0.001 40.5 ± 1.2        <0.001 24.6 ± 0.7   , <0.001 14.8 ± 0.6     =0.005 
2 IB1 12.4 ± 0.4   , <0.001 38.1 ± 0.8     <0.001 36.1 ± 0.8   , <0.001 12.6 ± 0.4     <0.001 
 
IB2 22.5 ± 0.8   , =0.006 32.8 ± 0.9     <0.001 30.4 ± 0.7   , =0.006 14.3 ± 0.4     =0.002 
 
IB3 25.4 ± 0.7   , =0.007 30.2 ± 0.7     =0.007 29.2 ± 0.8   , <0.001 16.2 ± 0.7     =0.002 
3 IB1 14.3 ± 0.7   , =0.002 37.1 ± 0.9     =0.006 38.1 ± 1.0   , =0.003 10.9 ± 0.4     =0.005 
 
IB2 22.8 ± 0.8   , =0.006 35.7 ± 1.1     <0.001 26.7 ± 0.7   , <0.001 14.8 ± 0.4     <0.001 
 
IB3 27.4 ± 0.7   , =0.005 26.8 ± 0.9     =0.003 29.1 ± 0.9   , =0.006 16.7 ± 0.6     =0.004 
4 IB1 43.7 ± 0.4   , =0.009 22.3 ± 0.8     =0.002 19.5 ± 0.8   , =0.002 14.5 ± 0.4     =0.002 
 
IB2 36.1 ± 0.7   , =0.005 20.4 ± 0.9     <0.001 21.4 ± 0.8   , =0.002 22.1 ± 0.5     =0.006 
 
IB3 42.8 ± 1.1   , =0.003 28.4 ± 0.7     =0.006 10.1 ± 0.4   , =0.006 18.7 ± 0.6     <0.001 
5 IB1 42.6 ± 0.8   , =0.003 25.4 ± 0.9     =0.006 15.6 ± 0.8   , =0.004 16.4 ± 0.4     <0.001 
 
IB2 36.3 ± 0.7   , =0.004 22.4 ± 0.7     =0.008 23.9 ± 0.4   , =0.003 18.4 ± 0.4     =0.003 
 
IB3 38.4 ± 0.8   , =0.004 29.1 ± 0.4     =0.006 17.9 ± 0.4   , =0.003 14.6 ± 0.3     =0.002 
Annuli 96.2 ± 1.5   , =0.45 0.6 ± 0.2     =0.150 1.2 ± 0.5   , =0.770 2.0 ± 0.6     =1.00   
Circuli 95.8 ± 1.2  0.9 ± 0.2  1.3 ± 0.6  2.0 ± 0.5  
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Chapter Six  
6 Discussion and Recommendations 
 
6.1 Discussion  
 
The major findings of this work concern both the chemical nature of fish scales and 
also the usefulness or otherwise of ion beam techniques for analysing them.  As hy-
pothesized, the small-scale chemical inhomogeneities in the fish scale matrix could be 
characterized. More so, the minimum detection limits achieved were in the order of 
parts-per-million concentration ranges. 
 
6.1.1 Chemichal nature of the fish scales 
 
Fish scales of four species found in different aquatic environments were analyzed. 
Some of these environments contain high concentrations of metal pollutants (as ions) 
while others did not contain metal ion pollutants present in measurable quantities. 
 
In the instance of P. kaakan, from the linear traverse analysis performed across the 
scale, illustrated in figure 3.10, the growth of the fish scale begins with keratin. Cal-
cium carbonate and hydroxyapatite are only incorporated into the scale after a 
growth in length of about 40 µm. As an example, in the growth of length 250 ± 2 µm, 
measured over a width of 2 µm (figure 3.10), the concentrations (as mass per mass) 
of 1.1% of Ca and 0.4% of P are present in the fish scale. Based on the chemical 
composition of hydroxyapatite, the ratio of the concentrations of Ca to P is 2:1. This 
means that for 0.4% of P there should be 0.8% of Ca. Since Ca constitutes 40% of 
hydroxyapatite, the concentration of hydroxyapatite at this distance is 2%. However, 
there is 1.1% of Ca present thus 0.3% of calcium remains. This calcium therefore is 
contained in calcium carbonate. The calcium composition in calcium carbonate is 
40%. Hence the remaining 0.3% of calcium yields 0.8% calcium carbonate. The 
amount of Al present at this growth is 0.3%. It was assumed that the Al is present 
as aluminum oxide. This yields a composition of Al2O3 of 0.6%. Keratin would then 
constitute the remainder (96.6%) of the matrix composition. Similarly at a distance 
of 340 µm the keratin compositon would only be approximatelly 78%. However, 
aluminium is not normally present in the fishscale matrix in the percentage mass per 
mass concentration range. Based on the data in Table 5.3, the total composition of 
keratin, hydroxyapatite and calcium carbonate in the matrix are respectively  
34.4  0.8%, 36.8  1% and 29.2  0.8%, when excluding aluminium oxide.    
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Figure 6-1 Illustration of the fish scale of Pomadasys kaakan that was scanned and the posterior field, 
focus and the anterior field where “a and b” represent the growth lengths from the focus. 
 
The growth-lengths a and b (figure 6.1) of the P. kaakan fish scale occurred both 
over a period of about (12  1) months. As these growth lengths differ significantly, 
it cannot be assumed that these growth lengths are linear with time. These can be 
rather assumed to be either logarithmic or exponential. Futheremore, once the pollu-
tant containing effluent reaches the river water it is immediately diluted by the river 
water volume. In addition, the river flows constantly and thus the time the fish is 
exposed to toxic effluents depends on the flow and on the marine tide. During high 
tide the river water flow is slower than during low tide. Hence at high tide the fish 
will be exposed to the pollution for a longer time than during low tide. This is also 
only applicable should the fish remains static for a considerable period of time. The 
latter is however unlikly. 
 
In the case of L. mormyrus, only a growth length distance of 20 µm (figure 4.2B) 
consists primarily of keratin. The QECD of P is given in (figure 4.3B). In the growth 
length of 20-60 µm the concentrations of hydroxylapotite and calcium carbonate are 
increased to approximately 31% and 26% respectively. For the remainder of the 
growth length of the scale these concentrations increased to 37% and 34% 
respectively. Aluminum concentration is in ppm ranges, (figure 4.4B) and aluminum 
oxide is approximately 40 ppm. From (figure 4.3B) it is evident that hydroxylapotite 
and calcium carbonate concentrations are relatively higher in the annulus. 
 
In the case of L. gibbus the hydroxylapotite and calcium carbonate concentrations 
are relatively lower in the circule than in the rest of the fishscale matrix (figure 4.2C 
and figure 4.3C). The concentration of aluminum (figure 4.4C) is also is ppm ranges. 
In the case of P. pinjalo hydroxylapotite and calcium carbonate are present in the 
fish scale matrix (figure 4.2D and figure 4.3D). However, in the first 100 µm of 
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growth length, the concentration of calcium is linear with the concentration of P. In 
this region the calcium concentration is 12% wheres as the phosphorus concentration 
is approxixately 8% (figure 4.D).     
 
In the species Pomadasys kaakan the Fe concentration is approximately 40 ppm, 
whereas in the species Lithognathus mormyrus and Pinjalo pinjalo the Fe concentra-
tion is well below 40 ppm (approximately 20 ppm). In contrast, the Fe concentration 
in the scale of Lutjanus gibbus that was caught in the Maputo estuary, where a lot 
of ship wrecks are found, is approximately 150 ppm. More so, this concentration oc-
curs throughout the fishscale matrix, which is not the case with the fish scales of the 
other species. It is therefore evident that that L. gibbus was present in this environ-
ment throughout its life span. 
 
The concentration of Cr (figure 4.7A, B, C and D) in the fish scale of P. kaakan is 
approximately 40 ppm, for L. mormyrus is approximately 15 ppm, in L. gibbus the 
Cr concentrations is approximately 150 ppm. The Cr concentration in P. pinjalo is 
about 7 ppm. For L. gibbus the relatively higher concentration of Cr corresponds to 
the relatively high Fe concentration might be due to the presence of shipurecks in 
the aquatic environment. More so, the quantitative elemental concentration distribu-
tions of Fe and Cr are homogeneous which could imply that the fish spent most of 
the year of life in this environment and /or that pollution by Fe and Cr is more or 
less constant. 
 
Futhermore, it can be implied that pollution of the natural environment might not 
have occurred continuously, as with L. gibbus. Hence there was no continuous incor-
poration of pollutants into the fishescale matrix. Only the specific areas contained 
the polluting heavy metal ions. In addition, the incorporation of the pollutants into 
the fish scale matrix only occurs while the fish is present in the polluted aquatic en-
vironment. This is shown in figure 4.6 (page 94). 
 
This thesis examined the potential for using IBA techniques for pollution studies us-
ing fish scales. The results suggest that the time and duration of the pollution event 
can be determined using PIXE. Moreover, the percentage composition of any pollu-
tant should be proportional to the total pollution the fish experienced throughout its 
time in the aquatic environment. 
 
Furthermore, the distributions and concentrations of elements such as Al, S, Fe and 
Cr, which are not normally incorporated into the scale in measurable quantities, can 
be characterized because of the relatively narrow width of the beam of particles. 
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Growth regions can be discerned and the concentrations in these regions of the con-
taminants can be characterized. Comparative analysis of scales from different species 
of fish showed that both the distribution and the concentrations of a number of ele-
ments differ among species. Lastly, the presence of elements such as Al and Cr in the 
scales allows up to hypothesize that the fish had been exposed to pollutants in the 
environment in which they lived but the data presented in this thesis are not of the 
kind that can confirm this hypothesis.  Methods for addressing this issue are dis-
cussed in section 6.2 below. 
 
6.2 The advantages of PIXE techniques 
6.2.1 High sensitivity 
 
Compared to electron-based x-ray analytical techniques such as energy dispersive 
spectroscopy (EDS), commonly called scanning electron microscopy (SEM), PIXE  
offers better peak to noise ratios and consequently much higher trace element  
sensitivities, as seen in the spectra in chapter 5. Absolute sensitivity to a given trace 
element is dependent upon a number of factors, such as matrix composition, detector  
efficiency and overlap of peaks. PIXE has a resolution of approximately 1.5 µm. This 
resolution permits the characterisation and quantification of small size 
inhomogeneties. Furthermore, the minimum detection limits are in the order of 1 
ppm concentration range.  
 
6.2.2 Multi-element capability 
 
Elemental analyses are performed for any element from sodium to uranium in a sin-
gle spectrum on the NMP system. X-rays from elements of atomic masses lighter 
than sodium cannot be seen because these X-rays are absorbed in either the detector 
window, between the sample and the detector, or through any filters used. For trace 
element analysis, we choose a filter to attenuate the X-rays at the energies of the ma-
jor elements allowing the detector to measure the trace elements with greater sensi-
tivity. Usually these filters will cause insensitivity to higher elements, but will allow 
simultaneous analysis of any element above the filter‟s absorption edge.  
 
Hence, in summary, the techniques allow very fine resolution, identification of amall 
quantities of an element, and simultaneous analysis of many elements. 
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6.3 Constraints to the use of PIXE in pollution studies 
 
The instrumentation needed in theses analyses is costly (in the excess of USD 3 mil-
lion) so it would be unlikely to be acquired only for studies such as this one.  
However, because of the versatility of a Nuclear Microprobe (NMP) facility, solid 
samples of various kinds, not only biological but also geological and archaeological as 
well as those used by  arts conservators, medical researchers  and others, can be 
probed to help answer questions of provenience, dating and authenticity. 
 
The instruments require well trained dedicated technicians to oversee their use, and 
a qualified person to be responsible for the training of users. Furthermore, sample 
preparation is time-consuming and a person to assist with this should be available. 
 
The actual process of scanning a sample is time-consuming: the duration of a single 
analysis is normally 2 hours per sample per demarcated area on the sample. The time 
taken to analyse the results of a single scan is dependant n the area of interest.  
However, the minimum time to completely characterize and quantify an area on the 
sample is about 2 hours. 
 
The computing power is depending of the version of the software program GeoPIXE 
used. However, the latest version of the software allows more in depth characteriza-
tion. Futhermore GeoPIXE is dependant on the software package IDL. 
 
Only elemental analysis and not ionic analysis can be done. As examples, only the 
calcium atom, Ca, and not the ion Ca2+, can be determined. Polyionic substances 
cannot be determined, especially where oxygen is present in the matrix. 
 
So in summary because of all these constrains regarding a complex of machine, costs, 
and time nuclear methods are not recommended for simple analyse. But on the other 
hand this technique can provide a better interpretation of the QECDs.  
 
6.4 Recommendations 
 
It is difficult to envisage ion beam analysis being used in routine analyses of pollu-
tants because of the cost and difficulty of the analyses. The data presented in this 
thesis show, however, that IBA is capable of providing some very useful results. In 
particular, there is potential for pinpointing the timing of pollution events, a feature 
that can be important forensically. 
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I therefore recommended that this project should be continued with the objective of 
calibrating elemental concentrations, particularly of pollutants such as Al and Cr, in 
the scales of one or more fish species. To attain this objective it will be necessary to 
perform the following types of experiments and other analyses. Most of the following 
will require laboratory experiments in which fish are grown under controlled condi-
tions. 
 
 Under laboratory conditions, ascertaining growth kinetics of fish scales of one 
or more species from birth until adulthood (at least one year) so as to corre-
late the time interval(s) of scale growth with season and the age of the fish. 
The matrix composition can then be determined for each growth interval. 
 Ascertaining the relationship between concentrations and distributions of pol-
luting elements in the environment and in scales of fish under laboratory con-
ditions (i.e. bioaccumulation studies). Additional data may need to be gener-
ated on the effects on scale growth rates of these contaminants at toxic con-
centrations. 
 It is necessary to grow fish in the lab at different concentrations of the trace 
elements of interest to relate concentrations in water to concentrations in 
scales and to find out how long it takes from first contamination until the  
pollutant can be seen in the scale. 
 Because only scales need to be examined, the some fish can be used throughut 
the length of each experiment. 
 
When these parameters have been determined then an environmental forensic profile 
can be established. Validation of such a profile can be used as a legal tool to assess 
pollution levels and more particularly, discrete pollutions events. 
 
In this work it has been shown, by applying NMP techniques that fish scales contain 
elements bioaccumulated from the water in which they live. Furthermore, accumu-
lated elements in fish scales are differentially distributed throughout the scale. Most 
importantly, PIXE can be used to quantify the distribution of elemental concentra-
tions in fish scales at a sufficiently fine spatial scale to pinpoint differences in bioac-
cumulation over time. The fine-scale distribution of elements can be used to model 
growth patterns in fish scales and so determine the time interval during which the 
pollution occurred. With these quantifications of the distribution of elemental con-
centrations and growth patterns a forensic pollution profile can be established. 
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In summary:  
 The ease of access of the scale of fish for timing pollution studies. 
 
 The advantage of using the scales instead of the organs is that in using the 
organs, the fish has to be killed and this would necessitate having more than 
one fish available for the study. 
 
 In the techniques such as AAS and ICP-MS, the sample must be digested, 
that is the matrix integrity of the sample and the distribution of the elements 
in the scale would be lost. 
 
 A cross-sectional analysis of the scale was done to show that the incorporation 
of the elements into the scale is homogeneous. 
 
 Samples analysed in Heavy Ion ERDA must be very smooth. This is the main 
limitation when it comes to fish scales because they are generally not smooth. 
One cannot get reliable depth profiles from rough surfaces. If you try to make 
them smooth then you destroy the surface you want to analyse. 
 
 Another problem is the sensitivity of the ERDA technique can vary from 0.1 
to 1.0 atomic percentage. It is not much sensitive as PIXE (ppm). Beam dam-
age can also be a problem when using heavy ions such as ERDA, which means 
we use a very low current to minimise this damage. 
 
 This work can be used as a reference for further studies regarding to fish scale 
growth patterns and the incorporation of pollution events that occurred in the 
immediate environment. 
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Appendices 
 
APPENDIX A 
LD50 TOXIC VALUES OF IONIC COMPOUNDS 
Toxicity values of ionic compounds found in natural waters. The values are evaluated in terms of LD50 
as indicated by the World Health Organization (from WHO, 1997). 
 
 
 
The concentrations in natural waters for most of these elements are usually  
considerably less than 1.0 g/l or ppm and that toxic effects are seen at  
concentrations that are not much higher. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Element  
Ionic 
formula 
Common values in fresh water/surface wa-
ter/ground water 
WHO guidelines for aquatic eco-
systems 
Aluminium Al
3+ 0.1 ppm at pH=6.5 (average 0.05 mg/l) 0.2 ppm 
Antimony Sb4+ <0.004ppm 0.005 ppm 
Arsenic As3+ <0.005ppm 0.01 ppm 
Barium Ba2+ <0.003 ppm 0.3 ppm 
Cadmium Cd2+ < 0.001 ppm 0.003 ppm 
Chromium Cr+3, Cr+6 < 0.002 ppm 0.05 ppm 
Copper Cu2+ 1-10 ppm 2 ppm 
Iron  Fe2+,  Fe3+ 0.5 - 50 ppm No guideline 
Lead Pb2+ 0.003 ppm 0.01 ppm 
Manganese Mn2+ <0.006 ppm 0.5 ppm 
Mercury  Hg+ < 0.005 ppm 0.001 ppm 
Molybdenum Mo4+ < 0.01 ppm 0.07 ppm 
Nickel Ni2+ < 0.02 ppm 0.02 ppm 
Selenium Se4+ < 0.01 ppm 0.01 ppm 
Sulphate SO4
2- <17 ppm 500 ppm 
Zinc Zn2+ >0.05 ppm in areas of naturally acidic waters 
50 ppm 
2.0 ppm 
Un
ive
rsi
ty 
of 
Ca
pe
 T
ow
n
page 155 
 
APPENDIX B 
FUNDAMENTAL EQUATIONS OF THE ANALYTICAL TECHNIQUES 
 
Appendix B1: PIXE 
Appendix B1A: Fluorescence yield (ωx) 
 
As the electron from a higher shell drops to fill a vacancy formed at the inner shell, 
an X-ray photon is emitted from the atom or the energy is transferred to an outer 
shell electron which is ejected from the atom. This ejected electron is known as a 
low-energy Auger electron. For higher number Z atoms there is also a probability of 
shifting between the L sub shells the primary vacancies resulting from the ionization. 
In this transition known as the Coster-Kronig the difference in binding energy during 
the vacancies shifting is not radiated but rather carried off by an outer shell electron. 
The Coster-Kronig transition is however only possible when the difference in binding 
energies exceeds the ionization energy of an outer electron. There is always competi-
tion between the emission of X-rays and the radiation less Auger and Coster-Kronig 
transitions. The probability that fluorescence X-rays will be emitted is given by the 
fluorescence yield, ωk (Campbell, 1989; Chen, 1990). 
 
The fluorescence yield (ωk) is therefore defined as the ratio of emitted X-rays to the 
number of primary vacancies created which is the probability that de-excitation will 
result in emission of fluorescence X-rays (Verma, 2007). The fluorescence yield can be 
calculated using a semi empirical mathematical formula (Verma, 2007; Campbell, 
1985; Campbell, 1988): 
 
 (
  
    
)
 
  ∑   
 
         (B1) 
 
where Bi are parameters determined by the fit to the data Campbell (1988). The ωk 
values agree closely with calculations based upon a Dirac-Hartree-Slater treatment of 
the bound atomic electron wave functions (Campbell, 2003). The uncertainties in the 
fitted ωk values are between 3-5% for Z=10 to 20, 1-3% for Z=21 to 30, 0.5-1% for 
Z=31 to 40 and 0.3-0.5% for Z > 40 (Campbell, 1988; Dietzel, 2000). 
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Appendix B1B: Measurement of X-ray spectrum  
Background 
 
The PIXE spectrum consists of characteristic X-rays peaks superimposed on a 
bremsstrahlung continuum background. The bremsstrahlung is electromagnetic radi-
ation produced when a charged particle is decelerating after being deflected by an-
other charged particle. This radiation produces a broad spectrum, which would con-
tribute to the continuum background of the X-ray spectrum. This background reduc-
es the sensitivity and worsens the detection limits of the elements. The X-rays spec-
trum from PIXE see Chapter 3 of the results has an increased background around 2 
KeV which falls to being almost zero above 17 KeV. 
The bremsstrahlung emitted by decelerating particles is proportional to the square of 
the acceleration 
 
  Intensity α (acceleration) 2 
                             
 
 
    (B2) 
Then 
   Intensity α ( 
 
)
 
    (B3) 
 
where F is the electrostatic force between the particles; m is the mass of the deceler-
ating particle. Comparing the masses of electron and proton, it can be seen from 
equation B4 that X-ray spectrum obtained by electron excitation has much higher 
bremsstrahlung background than that by proton excitation. That is why PIXE has a 
lower continuum background compared to other X-ray techniques such as electron 
induced X-ray emission analysis, thus making it more sensitive. The bremsstrahlung 
continuum background is angular dependent. It becomes high at 900 and reaches a 
minimum at 1800 relative to the beam. Hence, the X-ray detector is normally placed 
at a backward angle of 1350 relative to the beam to reduce the background. The 
main contribution to the bremsstrahlung background in PIXE is from: Secondary 
electron, atomic and projectile bremsstrahlung. 
 
Secondary electron bremsstrahlung (SEB) 
 
When an ion beam bombards a target, electrons are ejected from the atom. These 
electrons are scattered by the Coulomb field of an atomic nucleus in the sample, thus 
resulting in the emission of SEB. 
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The maximum kinetic energy (Ke) that an incident particle could give to the second-
ary electron is: 
 
       
   
  
               (B4) 
 
where me is mass of free electron; mp is mass of proton; Ep energy of proton. SEB is 
the main contributor to the bremsstrahlung continuum background in PIXE. It is 
very strong at low radiation energies, but decreases rapidly at energies higher than 
Ke. 
 
Atomic bremsstrahlung (AB) 
 
Protons could also excite electrons from inner shells and when retur ing to their orig-
inal state the electrons will emit a continuum spectrum. This radiation is called the 
atomic bremsstrahlung. 
AB is normally very small compared to SEB however; its contribution from heavy el-
ements in the sample is significant. 
 
Proton (projectile) bremsstrahlung 
 
The emission of proton bremsstrahlung is due to the deceleration experienced by the 
protons in Coulombic encounters with bound atomic electrons. The velocity of the 
ions will decrease until it is comparable to the velocity of electrons. The contribution 
from this emission is minor as the ions in the beam are massive and are deflected and 
decelerated less. The proton bremsstrahlung contributes mainly to X-ray energies of 
higher than Ke. 
 
Appendix B1C: Yield calculations 
 
PIXE emits X-ray with characteristic intensities proportional to their concentrations 
(Criss, 1968; Willis, 1977). The X-ray yield and the concentration of an element in a 
homogeneous thick sample can be express by the following equation (Johansson, 
1975; Johansson, 1976): 
 
The yield (Y) is calculated using the equation C6. 
                   ∫   
 
  
( )  ( ) (
   
  
)
  
         (B5) 
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Where n is the number of proton;    is the concentration of element   in the sample; 
ωk is the probability of the emission of X-rays or the fluorescence field; k is the rela-
tive intensity line of possible transitions; ε is the detector efficiency;   (E) is the ioni-
zation cross section for proton energy E;    (E) is the transmission of protons from 
successive depth in the matrix; -dE/dx is the stopping power of the target for the in-
coming particles and E0-is the initial energy of protons. 
 
Appendix B1D: Minimum Detection Limit (MDL) 
 
The minimum detection limit (MDL) is defined as the concentration of an element 
which would yield an X-ray intensity of 2σ of the background. It is the minimum 
number of counts which can be reported as coming from the sample with a confi-
dence limit of 95%. 
 
                                  √                      (B6) 
 
where B-background counts at the photo peak energy of interest. The MDL depends 
inversely to the spectrum continuum background, which in turn depends on the 
sample, its matrix components and the specific measuring conditions. 
    
Appendix B2E: Backscattering (BS) 
 
Some of the particles within a beam may backscatter after colliding with atoms in 
the near surface region of a target. This phenomenon is known as backscattering 
(BS). BS is a function of mass and depth of the scattering element within a target. 
The information of the energies before and after scattering can be used to calculate 
the relative concentrations and the depth profiles of elements. 
 
Isotopes cannot be distinguished because the energy resolution of the detection sys-
tem is too coarse. Hence the depth resolution of PIXE is very low there is a need for 
BS. The X-ray detector has a beryllium window to prevent BS particle to damage 
the detector. X-rays of the light elements can be concentrated in the Beryllium win-
dow when performing PIXE analysis. There is therefore there is a need for BS to de-
termine the light elements. 
 
BS spectra collected simultaneously with PIXE spectra can provide information that 
can be used to quantify PIXE compositional analysis. Moreover, the accurate  
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measurement of the beam charge might be a problem as different regions of the sam-
ple may have different secondary emission properties (Garman, 2005; Grime, 1996). 
When a proton of mass Mp, moving with constant velocity, collides elastically with a 
stationary atom of mass M0, in a target a certain amount of energy is transferred to 
the recoiling atom, and the scattered proton emerges with an energy that depends on 
the angle of scatter and the mass of the scattering atom. Using the principle of con-
servation of energy and momentum both parallel and perpendicular to the direction 
of incidence are expressed by the system of equations: 
 
 
 
    
  
 
 
     
  
 
    
      (B7) 
                           (B8) 
                                     (B9) 
 
After elimination of   and    in this system of equations obtains 
 
  
  
 
       (  
    
      )
 
 ⁄
     
   (B10) 
 
For M1 ≤ M2 the plus sign holds. Then by applying the principle of conservation of 
energy and momentum, the kinematic factor (K) can be defined as the ratio of the 
projectile energy after the elastic collision to the projectile energy before collision and 
is given by: 
 
         
  
  
                       (B11) 
 
where E0 is the proton energy before the collision, E1 is the scattered proton energy 
after the collision, M1 is the mass of moving particle with constant velocity, M2 is the 
mass of stationary particle;         and    is the velocity of the particle before colli-
sion and after collision;   and   the scattered and recoil angle respectively are de-
fined as positive numbers and all quantities were refer to the laboratory system of 
coordinates. 
 
The kinematic factor depends only on the ratio of the projectile ion to the target 
mass and on the scattering angle  . Therefore heavy atoms will have high scattering 
energy implying that less energy was transferred to them during collision. If the mass 
of the projectile ion and energy of the projectile ion and energy of the projectile be-
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fore and after scattering are known then from equation (B9) could be used to identi-
fy elements present in the sample target. 
 
Scattering cross section (σ) 
 
Quantitative analyses can be performed using a scattering cross section in certain 
experimental conditions. Once all assumptions are fulfilled, the differential scattering 
cross section is given by Rutherford‟s equation (Rutherford, 1911; Wheaton, 1991; 
Speller, 2001 & Goldstein, 1959). 
 
    (
  
  
)
 
 *
     
 
       (
  
 ⁄ )
+
 
     (B12) 
 
Where the subscript c corresponds to the centre-of-mass coordinates 
Z1 is the atomic number of the particle atom with mass M1 
Z2 is the atomic number of the target atom with mass M2 
e is the elementary positive charge (1.602176487(40) ×10-19 C (Mohr, Taylor & 
Newell, 2008). 
E is the energy of the particle immediately before scattering 
The equation (B11) for M1 << M2 from the center-of-mass to the laboratory frame of 
reference yields (Knapp, 1992; Knapp, 1994; Jammer, 1999; Spohn, 2004; Mezzaral-
ma, 2008; Weller, 2002; Bartschat, 2009). 
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             (B13) 
 
In the equation (B12) the dependence of the cross-section to Z shows that heavier 
atoms will produce more scattered yield than the light atoms and the yield favors the 
beam with heavier ions. The BS spectrum contains counts generated by particle scat-
tered by different elements in the target. Each spectrum will have steps or edges, 
each corresponding to the maximum energy of the particle ions scattered by a par-
ticular element in the target. Thus for a given particle ion and incident energy, the 
measured scattered energy will depend on M1 and on the amount of energy lost by 
the ion in its passage through the target material both before and after the nuclear 
scattering. Therefore the spectrum may give information on the depth profile based 
on the energy loss of the particle ions in the sample. 
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Appendix C 
 
GPS COORDINATES OF SAMPLING POINTS  
 
GPS coordinates of the ravine, estuarine and bay areas of investigation. The rivers are the Matolo-, 
Umbeluzi-, Coque-, Tembe- and the Maputo River, the Espirito Santos estuary, Maputo estuary and 
Maputo bay. The sampling points are indicated by GPS coordinates (degrees, minutes, and seconds). 
The fish species sampled are also indicated. 
 
Area Sampling point Fish species Area Sampling point Fish species 
M
a
to
la
 R
iv
er
 
A1 25 59 35 32 27 57 
 
M
a
p
u
to
 R
iv
er
 
F1 26 08 25 32 40 42 
 
A2 25 58 55 32 27 13 
 
F2 26 12 00 32 41 03 Macolor niger 
A3 25 58 29 32 26 14 
Pomadasys 
kaakan 
F3 26 17 00 32 41 50 
 
A4 25 56 34 32 26 08 
 
F4 26 20 40 32 40 00 
 
A5 25 54 42 32 25 12 
 
F5 26 23 09 32 40 15 
 
A6 25 52 37 32 25 03 
 
M
a
p
u
to
 B
a
y
 
G1 25 58 07 32 37 20 
 
A7 25 51 35 32 27 22 
 
G2 25 00 25 32 36 03 
 
A8 25 48 33 32 26 07 
 
G3 26 07 43 32 41 19 
 
U
m
b
el
u
ze
 R
iv
er
 B1 26 00 18 32 28 40  
G4 26 11 59 32 45 33 
 
B2 26 00 05 32 28 08 
 
G5 26 14 45 32 50 19 Psettodes erumei 
B3 26 01 40 32 26 07 
 
G6 26 08 57 32 52 10 Cetoscarus bicolor 
B4 26 01 51 32 25 21 
 
G7 26 01 24 32 51 58 Scarus atrilunula 
B5 26 59 49 32 30 10 
 
G8 26 03 27 32 44 39 
 
C
o
q
u
e 
R
iv
er
 
C1 26 00 33 32 29 11 
 
G9 25 58 07 32 37 20 
 
C2 26 00 41 32 28 40 
 
G10 25 56 58 32 41 27 
Scarus Caudofascia-
tus 
C3 26 02 05 32 27 50 
 
G11 25 56 41 32 47 13 
 
T
em
b
e 
R
iv
er
 D1 25 59 58 32 29 26 
 
G12 25 57 49 32 53 08 
Anyperodon leu-
cogrammicus 
D2 26 01 43 32 29 38 
 
G13 25 54 07 32 49 52 
Lithoguathus 
mormyrus 
D3 26 03 18 32 28 30 
Pinjalo pin-
jalo 
H 25 48 58 32 43 48 
 
D4 26 05 25 32 27 14 
 
M
a
p
u
to
 E
s-
tu
a
ry
 
H1 26 07 43 32 41 19 
 
E
sp
ir
it
o
 S
a
n
to
s 
E
st
u
-
a
ry
 
E1 25 59 21 32 34 38 
 
H2 26 03 27 32 44 39 
 
E2 26 58 15 32 33 28 
 
H3 25 48 58 32 43 48 Scolopsis vosmeri 
E3 26 57 36 32 31 25 
      
E4 26 58 00 32 29 46 
Lutjanus 
gibbus      
E5 26 59 18 32 28 46 
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APPENDIX D 
CONCENTRATIONS OF SELECTED CATIONS AND THE PHYSICAL PA-
RAMETERS OF WATER SAMPLES 
Appendix D1 Concentrations of the major cations and photographs of the water samples using Flame 
Atomic Absorption Spectrometry taken in the Matola River at 15h40 on the 12 July 2008. A1, A2, 
A3, A4, A5, A6, A7, A8 and PL (Pequenos Libombos), are the sampling points. 
 
 
 
Appendix D2. Photograph (to the left) of the Matola River area investigated. The sampling points are 
shown. The location of an aluminium smelter (sampling point A5) is shown to illustrate the nearness 
of the smelting plant to the Matola River. The red drawing indicates the proposed location of a ce-
ment   industry to be established in the foreseeable future. The limestone in red line necessary for this 
industry will be mined at a location on the Maputo River, about 80 km from Maputo City. 
 
 
 
 
 
 
 
 
 
Element Concentration A1 A2 A3 A4 A5 A6 A7 A8 PL
Na ppm 9938 9918 10069 9797 6494 4050 ND 3868 78
Mg ppm 1688 1347 1498 1627 921 999 ND 1251 23
K ppm 367 376 377 368 195 64 ND 60 4
Ca ppm 410 403 405 418 360 812 ND 872 21
Water parameter          
pH 8 8 8 8 8 8 ND 8 8
50 52 53 55 51 22 ND 20 0.8
35 35 35 37 35 14 ND 13 0.5
24 24 25 26 23 22 ND 20 25
1024 1024 1024 1025 1024 1008 ND 1002 995
3.4 4.4 4.2 5 2 1 ND 0.4 10
2.3 1.9 1.4 0.9 0.8 0.6 ND 0.3 0
Depth (m)
Transparency (m)
SAMPLING POINTS 
Conductivity, µS/cm
Salinity (SU)
Temp (°C)
Density (kg/m
3
)
Un
ive
rsi
ty 
of 
Ca
pe
 T
ow
n
page 163 
 
Appendix D3 Photograph and concentrations of the major cations of the water samples taken in the 
Matola River at 12h00 on the 11 May 2009 using Flame Atomic Absorption Spectrometry. A1, A2, 
A3, A4, A5, A6, A7 and A8 are the sampling points. 
 
 
 
 
 
Appendix D4. The vegetation typically mangrove channels and settled charcoals, chorals found along 
the Matola River, in the intercrossing between Matola River and the Maputo-Witbank highway in the 
sampling point A8. 
 
 
 
 
 
 
 
                        SAMPLING POINTS
Element Concentration A1 A2 A3 A4 A5 A6 A7 A8
Na ppm 11447 10536 12392 12871 12301 3759 ND 4335
Mg ppm 2169 1426 2029 2210 1390 816 ND 1981
K ppm 454 438 427 434 448 63.4 ND 226
Ca ppm 278 259 262 271 314 500 ND 472
Mn ppm 0.06 0.06 0.06 0.06 0.06 0.03 ND 0.04
Fe ppm 0.24 0.24 0.25 0.28 0.23 0.06 ND 0.15
Cu ppm 0.07 0.06 0.06 0.07 0.07 0.04 ND 0.05
Zn ppm 0.33 0.31 0.31 0.32 0.31 0.29 ND 0.3
Water parameters
pH 7.9 7.9 7.95 8 8.2 8 ND 7.9
50 52 53 55 51 22 ND 46
35 35 35 37 35 14 ND 24
24 24 25 26 23 22 ND 26
1024 1024 1024 1025 1024 1008 ND 997
3.4 4.4 4.2 5 2 1 ND 2.5
2.3 1.9 1.4 0.9 0.8 0.6 ND 0.9
Conductivity, µS/cm
Salinity (PSU)
Temp (°C)
Density (kg/m
3
)
Depth (m)
Transparency (m)
SAMPLING POINTS
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Appendix D5 Flame Atomic Absorption Spectrometry result and photograph of the water samples 
taken at 11h30 on the 08 May 2009 in the Umbeluzi River-B1, B2, B3, PL (Pequenos Libombos) and 
Coque River-C1, C2 & C3 are the sampling points. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
SAMPLING POINTS
Element Concentration B1 B2 B3 PL C1 C2 C3
Na ppm 11753 12225 11590 271 13267 13358 13258
Mg ppm 2394 2105 1752 21 2115 3123 2658
K ppm 400 393 382 4.3 390 381 379
Ca ppm 248 274 245 4.79 252 360 362
Mn ppm 0.06 0.06 0.06 0.01 0.06 0.06 0.06
Fe ppm 0.26 0.23 0.21 0.22 0.2 0.27 0.28
Cu ppm 0.06 0.06 0.06 0.01 0.05 0.08 0.07
Zn ppm 0.31 0.33 0.33 0.06 0.35 0.36 0.34
Water parameters
pH 7.9 7.9 7.9 8.56 7.9 7.9 7.9
Conductivity, µS/cm  49 49 49 45 48 48 47
Salinity (PSU) 25 25 24 25 24 24 23
Temp  (°C) 32 32 33 29 32 32 32
1021 1021 1021 1019 1022 1022 1021
10 6 11 11 11 9 8
1.2 2.2 1.6 0.1 1.1 1.2 1
Depth (m)
Transparency (m)
Density (kg/m
3
)
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Appendix D6. Photograph (to the left) of the Umbeluzi River, indicating the sampling points B1, B2 
and B3. Photographs of the Pequenos Libombos potable water supply to Maputo City, located on the 
Umbeluzi River, are shown to the right (up and down). 
 
 
 
 
 
Appendix D7. Photograph of the Coque River. The sampling points for water and sediments, C1, C2 
and C3 are indicated. To the left is the Umbeluze River and to the right the Tembe River. 
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Appendix D8 Flame Atomic Absorption Spectrometry result and photograph of the water samples 
taken in the Tembe River-D1, D2, D3, D4 and Espirito Santo Estuary-E1, E2, E3, E4 & E5 are the 
sampling points respectively at 12h30 on the 09 May 2009. 
 
 
 
 
Appendix D9. Photograph of the Tembe River. The sampling points for sediments and water are indi-
cated as D1, D2, D3 and D4. Acacia Xanthophloea (to the right), Tembe River (to the left) in Matu-
tuine, Maputo Province. 
 
 
 
 
 
 
 
 
Element Concentration D1 D2 D3 D4 E1 E2 E3 E4 E5
Na ppm 12225 12183 12777 13526 11519 11284 10638 11051 11366
Mg ppm 1534 2047 1479 1299 1661 2088 1361 1341 1681
K ppm 384 370 388 417 286 255 252 245 242
Ca ppm 250 260 268 289 167 157 164 164 160
Mn ppm 0.06 0.05 0.05 0.05 0.08 0.07 0.07 0.07 0.06
Fe ppm 0.24 0.22 0.22 0.22 0.24 0.21 0.21 0.23 0.18
Cu ppm 0.06 0.05 0.05 0.05 0.07 0.06 0.06 0.06 0.07
Zn ppm 0.36 0.34 0.35 0.34 0.38 0.37 0.37 0.41 0.36
Water parameters
pH 7.9 7.9 7.9 7.9 7.9 7.8 8 7.8 7.8
48 48 49 52 47 47 48 48 48
Salinity (PSU) 24 24 32 24 23 23 23 24 24
Temp  (°C) 32 32 33 35 32 32 32 32 32
Density (kg/m
3
) 1022 1022 1022 1024 1022 1022 1022 1022 1021
Depth  (m) 10 11 11 11 21 20 11 11 11
1.2 1.4 1.3 1.1 1.5 1.1 1.1 1.2 1.1Transparency (m)
                                SAMPLING POINTS
Conductivity, µS/cm
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Appendix D10. Photograph (to the left) of the Espirito Santo estuary. The water and sediment sam-
pling points E1 to E5 are indicated. To the right is shown some of the shipwrecks along the estuary. 
  
 
 
 
 
 
Appendix D11. Photographs of the Matola Cement Industry (to the left) and to the right silos for 
alumina powder. Both the industry and the silo storage facility are located along the banks of the es-
tuary. 
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Appendix D12 Flame Atomic Absorption Spectrometry result and photograph of the water samples 
taken in the Maputo River-F1, F2, F3, F4, F5 and Maputo Estuary-H1, H2,  & H3 are the sampling 
points respectively at 10h45 on the 15 May 2009. 
 
 
 
 
 
 
Appendix D13. Photograph of the Maputo River. The sampling points for water and sediment, F1 to 
F5 are indicated (to the left). The location of the proposed limestone mine (on the right) on the east 
and west along sampling points F3 and F4 for water and sediments in  Maputo River for the proposed 
Cement plant at the Beluluane Industrial Park, north east of the MOZAL plant and immediately west 
(adjacent area) of the Matola River. 
 
 
 
 
 
 
 
 
Element Concentration F1 F2 F3 F4 F5 H1 H2 H3
Na ppm 10553 9325 8429 4197 1998 10137 10683 10679
Mg ppm 2136 1127 1009 944 229 1513 1536 1535
K ppm 255 210 195 113 45 232 232 232
Ca ppm 320 295 268 173 44.5 326 318 317
Mn ppm 0.06 0.05 0.04 0.02 0.01 0.06 0.06 0.06
Fe ppm 0.22 0.2 0.18 0.1 0.06 0.14 0.33 0.32
Cu ppm 0.05 0.06 0.05 0.03 0.02 0.06 0.06 0.06
Zn ppm 0.48 0.26 0.22 0.12 0.02 0.39 0.18 0.17
Water parameters
pH 7.9 8 8 8 8 7.9 7.9 7.9
47 41 44 30 17 47 47 49
Salinity (PSU) 23 23 23 24 24 22 32 32
Temp   (°C) 32 27 23 23 23 32 22 30
Density (kg/m
3
) 1022 1018 999 999 999 1022 1022 1022
Depth  (m) 23 11 11 11 11 22 11 11
1.2 0.5 0.5 0.4 0.3 0.8 2 1.3
                      SAMPLING POINTS
Transparency (m)
Conductivity, µS/cm
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Appendix D14. The typical vegetation along the Maputo River sampling point F5, Bela Vista (shown 
on top). The Maputo Estuary (to the bottom) and the Mangrove Forests along the Maputo Estuary. 
 
 
 
 
 
Appendix D15 Photograph of the Maputo Bay. Sediment and water sampling points G1 to G13 and 
H3 are indicated. The points G3, G8, G11 and H3 lie along the Maputo estuary. Inhaca Island (sam-
pling points of water and sediments G7 and G12) is located to the east of the bay where to the south 
of Inhaca Island Machangulo Peninsula (samplings points of water and sediments G5 and G6). 
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Appendix D16 Flame Atomic Absorption Spectrometry result and the photograph of where the water samples were taken at 10h45 on the 15 May 
2009 in the Maputo Bay-G1, G2, G3, G4, G5, G6, G7, G8, G9, G10, G11, G12 and G13 are the sampling points respectively. 
 
 
 
SAMPLING POINTS
Element Concentration G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 G11 G12 G13
Na ppm 9456 9456 10137 11192 11055 10670 ND 10683 9456 9456 10357 10445 9966
Mg ppm 1343 1343 1513 1450 1314 2323 ND 1536 1343 1612 1660 1386 1700
K ppm 236 236 232 238 231 229 ND 232 236 370 386 394 384
Ca ppm 327 327 326 338 328 325 ND 318 327 300 32 298 31
Mn ppm 0.06 0.06 0.06 0.07 0.06 0.07 ND 0.06 0.06 0.06 0.06 0.06 0.05
Fe ppm 0.17 0.17 0.14 0.4 0.33 0.33 ND 0.33 0.17 0.24 0.22 0.25 0.2
Cu ppm 0.06 0.06 0.06 0.07 0.07 0.06 ND 0.06 0.06 0.08 0.07 0.08 0.017
Zn ppm 0.3 0.3 0.39 0.29 0.13 0.17 ND 0.18 0.3 0.14 0.23 0.12 0.15
Water parameters
pH 8 7.8 7.9 7.9 7.9 7.9 ND 7.9 7.9 7.9 7.9 7.9 8
47 47 47 48 48 49 ND 47 49 49 49 52 52
Salinity (PSU) 23 22 22 23 32 30 ND 32 27 33 34 35 34
Temp   (°C) 32 32 32 32 23 30 ND 22 32 25 24 24 25
Density (kg/m
3
) 1021 1022 1022 1022 1022 1022 ND 1022 1021 1023 1023 1024 1024
Depth  (m) 11 23 22 11 11 11 ND 11 11 9 10 16 17
1.9 1 0.8 0.9 1.3 1.6 ND 2 2 2 2.5 5 1
Conductivity, µS/cm
Transparency (m)
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Appendix D17 Photograph of the Maputo Bay. Maputo River joined with Maputo Bay in the sam-
pling point for water and sediments (G3). Also typical mangroves and coral reefs vegetation extend 
along the sampling point (G4) for water and sediments respectively. In this photograph can viewed a 
mouth of the Maputo River (see the arrow) where freshwater is mixing with salt water from the Ma-
puto Bay. 
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APPENDIX E 
CONCENTRATIONS OF SELECTED CATIONS vs ANIONS AND THE PHYSI-
CAL PARAMETERS OF WATER SAMPLES 
Appendix E1 Ion Chromatography results for water corresponding sampling points A1, A2, A3, A4, 
A5, A6 and A8 along Matola River at 11h55 on the 26 May 2007. B1, B2, B3 and PL (Pequenos Li-
bombos) along Umbeluzi River at 12h15 on the 18 June 2007. The concentrations are in ppm except 
those of pH. 
 
 
 
Appendix E2 Ion Chromatography results for water corresponding sampling points D1, D2, D3 and 
D4 along Tembe River at 10h35 on the 11 June 2007. E1, E2, E3, E4 and E5 along Espirito Santo Es-
tuary at 14h15 on the 11 June 2007. The concentrations are in ppm except those of pH. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Element A1 A2 A3 A4 A5 A6 A8 B1 B2 B3 PL
Na 11760 5823 5329 4585 3500 2435 1778 4852 5422 6792 15
NH4
+ 0 0 0 5000 0 0 0 0 0 0 0
Mg 2560 755 2190 830 1172 870 850 1785 2340 1655 10
K 580 460 440 66 450 100 95 390 68 355 3
Ca 64 320 480 38 190 370 380 405 595 390 3
Cl 23600 10230 13975 16300 8360 5825 5200 12000 14445 14185 21
Br 0 100 25 85 50 28 28 40 70 50 0.3
NO3
- 2560 55 15 20 18 0 0 35 35 0 0.3
PO4
3- 580 230 0 0 0 40 18 75 115 50 0.1
SO4
2- 640 2100 2460 3800 1522 1510 960 2160 2210 2715 0.2
pH 7.8 7.9 7.9 7.8 7.1 6.7 7.8 7.7 7.9 7.8 6.5
                SAMPLING POINTS
Element D1 D2 D3 D4 E1 E2 E3 E4 E5
Na 2388 8582 6814 4355 3894 7370 7622 5756 4997
NH4
+ 0 0 0 5365 0 0 0 0 0
Mg 2150 1520 1955 370 1595 1560 1400 1740 2700
K 330 310 390 375 415 405 440 485 505
Ca 910 370 430 145 1595 375 335 425 555
Cl 10235 16695 15605 16755 12280 14920 15040 15035 15318
Br 30 80 55 70 55 60 65 55 85
NO3
- 10 20 5 15 30 15 25 15 0
PO4
3- 20 20 35 45 60 45 60 15 68
SO4
2- 2095 2425 2180 2415 1935 2565 2210 20 2088
pH 7.7 7.3 7.3 7.2 7.7 7.6 7.4 7.4 7.5
              SAMPLING POINTS
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Appendix E3 Ion Chromatography results for water corresponding sampling points F1, F2, F3, F4 and 
F5 along Maputo River at 13h00 on the 29 May 2007. G1, G2, G3, G4, and G5 along Maputo Bay at 
13h45 on the 30 May 2007. The concentrations are in ppm except those of pH. 
 
 
 
 
Appendix E4 Ion Chromatography results for water corresponding sampling points G6, G7, G8, G9 
G10, G11, G12 and G13 along Maputo Bay at 13h45 on the 30 May 2007. H1, H2 and H3 along Ma-
puto Estuary at 15h45 on the 30 May 2007. The concentrations are in ppm except those of pH. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Element F1 F2 F3 F4 F5 G1 G2 G3 G4 G5
Na 7467 7277 4053 3420 244 5147 3234 6113 5858 4152
NH4
+ 0 0 0 0 0 0 0 0 0 0
Mg 1685 1515 1835 830 676 2160 1450 1895 2410 1775
K 400 370 400 258 274 485 505 420 530 385
Ca 320 325 415 323 196 450 425 404 495 400
Cl 15710 15080 11315 7683 2554 13930 9205 14110 14860 11180
Br 70 65 60 30 0 50 35 45 75 35
NO3
- 5 5 20 8 26 0 25 5 30 50
PO4
3- 30 20 45 13 0 0 0 30 70 40
SO4
2- 2080 1855 1695 1008 454 2000 1560 2490 3230 1795
pH 7.9 7.8 7.9 7.7 7.7 7.7 7.3 7.5 7.3 7.1
        SAMPLING POINTS
Elemet G6 G7 G8 G9 G10 G11 G12 G13 H1 H2 H3
Na 3745 5120 5244 5146 5488 3283 4424 4780 6111 5244 6077
NH4
+ 3705 0 0 0 0 0 0 0 0 0 0
Mg 380 2425 2270 2160 2290 1945 1815 1815 1895 2270 1215
K 255 585 555 485 655 410 555 420 420 555 315
Ca 165 565 520 450 570 415 440 465 405 520 370
Cl 12026 14615 14540 13930 15180 10420 11880 12260 14110 14540 12565
Br 35 60 45 50 70 40 55 60 45 45 50
NO3
- 0 0 0 0 0 10 10 20 5 0 25
PO4
3- 15 70 10 0 30 5 0 45 30 10 0
SO4
2- 3260 2350 2055 2000 1970 1830 1955 2000 2490 2055 1640
pH 7.2 7.7 7.1 7.7 7.6 7.9 7.4 7.8 7.5 7.1 7.5
                    SAMPLING POINTS
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Appendix E5 The present table shows the relevant information for four fish species used in the pre-
sent work caught along Matola River, Tembe River, Espirito Santo Estuary and Maputo Bay respec-
tively. The Tide (see Appendix F) was taken in the coordinates: 250 58” 05’ of latitude and 320 34” 02’ 
of longitude along Espirito Santo Estuary in Maputo Mozambique.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    FISHE SPECIES INFORMATION
Type of Fish Geographic coordinates DD MM YY Time of catch Weight(kg) Age Length(cm) Size of the scale(cm×cm)
1. Pomadasys kaakan 25°  58"  29' 32°  26"  14' 26 5 2007 11h00 2.7 121 42 1.7 X 1.8
2. Pinjalo pinjalo 26°  03"  18' 32°  28"  30' 11 6 2007 15h55 3 12 41 1.1 X 1.2
3. Lutjanus gibbus 26°  58"  00' 32°  29"  46' 10 9 2007 13h50 2.5 12 40 1.4 X 1.6
4. Lithoguathus mormyrus 25°  54"  07' 32°  49"  52' 30 5 2007 13h45 2 12 39 1.2 X1.3
Un
ive
rsi
ty 
of 
Ca
pe
 T
ow
n
page 175 
 
APPENDIX F 
INFORMATION ABOUT TIDES ALONG SAMPLING POINTS 
 
Maputo has a particularly a large tidal range as a result of its location within the 
large enclosed bay. The tidal from spring high to spring low can varied in excess of 
3.4 meters. In comparisons with the tidal range in Cape Town is approximately 2.0 
meters.  
 
Appendix F1 The present table shows the relevant information for water and sediments sample. 
Where DD is the day, MM is the month and YY is the year. A1, A2, A3, A4, A5, A6 and A8 are the 
sampling points along the Matola River; B1, B2, B3 and PL (Pequenos Libombos) are the sampling 
points along the Umbeluzi River and C1, C2 and C3 are the sampling points along the Coque River. 
The Tides were taken in the coordinates: 250 58
” 05’ of latitude and 320 34” 02’ of longitude along 
Espirito Santo Estuary in southern of Maputo Mozambique.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
WATER & SEDIMENTS SAMPLE
Sampling point Geographic coordinates Width (m) Depth (m) Tide (m) DD MM YY Time Bank or Upstream
A1 25°  59"  35' 32°  27"  57' 1800 9.8 2.65 26 5 2007 8h45 1 km upstream from Espirito Santo Estuary
A2 25°  58"  55' 32°  27"  13' 1750 9.5 2.65 26 5 2007 9h50 2 km upstream from Espirito Santo Estuary
A3 25°  58"  29' 32°  26"  14' 1850 9.7 2.65 26 5 2007 11h00 5 km upstream from Espirito Sant. Estuary
A4 25°  56"  34' 32°  26"  08' 1600 8 2.65 26 5 2007 13h20 15 km upstream from Espirito Santo Estuary
A5 25°  54"  42' 32°  25"  12' 120 6 3.09 18 6 2007 12h15 20 km upstream from Espirito Santo Estuary
A6 25°  52"  37' 32°  25"  03' 99 4 3.09 18 6 2007 13h20 25 km upstream from Espirito Santo Estuary
A8 25°  48"  33' 32°  26"  07' 130 3 3.09 18 6 2007 15h30 30 km upstream from Espirito Santo Estuary
B1 26°  00"  18' 32°  28"  40' 2050 9.8 2.65 26 5 2007 15h45 1 km upstream from Espirito Santo Estuary
B2 26°  00"  05' 32°  28"  08' 1750 8.9 2.65 26 5 2007 16h50 7 km upstream from Espirito Santo Estuary
B3 26°  01"  40' 32°  26"  07' 1450 6 2.65 26 5 2007 18h15 13 km upstream from Espirito Santo Estuary
PL 26°  59"  49' 32°  30"  10' 2030 9-33 0.71 10 6 2008 10h30 87 km upstream from Espirito Santo Estuary
C1 26°  00"  33' 32°  29"  11' 199 9.9 2.91 11 6 2007 10h35 7.5 km from Cement Industry
C2 26°  00"   41' 32°  28"  40' 182 8.9 2.91 11 6 2007 11h15 9 km from Cement Industry
C3 26°  02"  05' 32°  27"  50' 175 8.2 2.91 11 6 2007 12h10 11 km from Cement Industry
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Appendix F2.  The present table shows the relevant information for water and sediments sample. 
Where DD is the day, MM is the month and YY is the year. D1, D2, D3 and D4 are the sampling 
points along the Tembe River; E1, E2, E3, E4 and E5 are the sampling points along the Espirito San-
to Estuary and F1, F2, F3, F4 and F5 are the sampling points along the Maputo River. The Tides 
were taken in the coordinates: 250 58
” 05’ of 176ongitud and 320 34” 02’ of 176longitude along Espirito 
Santo Estuary in southern of Maputo Mozambique.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
WATER & SEDIMENTS SAMPLE
Sampling point Geographic coordinates Width (m) Depth (m) Tide (m) DD MM YY Time Bank or Upstream
D1  25°  59"  58' 32°  29"  26' 2060 10.5 2.91 11 6 2007 23h50 7 km upstream from Cement Industry
D2 26° 01" 43' 32°  29"  38' 1970 10.2 2.91 11 6 2007 14h40 14 km upstram
D3 26°  03"  18' 32°  28"  30' 800 9.8 2.91 11 6 2007 15h55 21 km upstream
D4 26°  05"  25' 32°  27"  14' 600 7.8 2.91 11 6 2007 17h05 27 km upstream
E1 25°  59"  21' 32°  34"  38' 5000 9.4 2.91 11 6 2007 17h10 3 km upstream from Maputo Bay
E2 26°  58"  15' 32°  33"  28' 3800 11 2.91 11 6 2007 17h45 6 km upstream
E3 26°  57"  36' 32°  31"  25' 2100 9.5 2.91 11 6 2007 18h50 9 km upstream
E4 26°  58"  00' 32°  29"  46' 1700 10.5 2.91 11 6 2007 19h45 12 km upstream
E5 26°  59"  18' 32°   28"  46' 2100 11.5 2.91 11 6 2007 20h55 15  km upstream
F1 26°  08"  25' 32°  40"  42' 2500 9.4 3.15 29 5 2007 13h15 6.1 km downstream
F2 26°  12"  00' 32°  41"  03' 1800 8.7 3.15 29 5 2007 14h30 12 km downstream
F3 26°  17"  00' 32°  41"  50' 1100 7.5 3.15 29 5 2007 15h50 18 km downstream
F4 26°  20"  40' 32°  40"  00' 1080 6.3 3.15 29 5 2007 17h00 24 km downstream
F5 26°  23"  09' 32°  40"  15' 850 6 3.15 29 5 2007 18h20 30,7 km downstream from Bela vista
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Appendix F3 The present table shows the relevant information for water and sediments sample. 
Where DD is the day, MM is the month and YY is the year. G1, G2, G3, G4, G5, G6, G7, G8, G9, 
G10, G11, G12 and G13 are the sampling points along the Maputo Bay; H1, H2 and H3 are the sam-
pling points along the Maputo Estuary. The Tides were taken in the coordinates: 250 58
” 05’ of lati-
tude and 320 34” 02’ of longitude along Espirito Santo Estuary in southern of Maputo Mozambique. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
WATER & SEDIMENT SAMPLE
Sampling point Geographic coordinates Width (m) Depth (m) Tide (m) DD MM YY Time Bank or Upstream
G1 25°  58"  07' 32°  37"  20' 5000 9.8 3.37 1 6 2007 11h10 12 km upstream from Espirito Santo Estuary
G2 25°  00"  25' 32°  36"  03' 10000 9.6 3.37 1 6 2007 12h15 24  km upstream from Espirito Santo Estuary
G3 26°  07"  43' 32°  41"  19' 15000 9.5 3.37 1 6 2007 13h20 36  km upstream from Espirito Santo Estuary
G4 26°  11"  59' 32°  45"  33' 20000 9.3 3.37 1 6 2007 14h30 48  km upstream from Espirito Santo Estuary
G5 26°  14"  45' 32°  50"  19' 30000 9.2 3.37 1 6 2007 15h45 60  km upstream from Espirito Santo Estuary
G6 26°  08"  57' 32°  52"  10' 35000 9.1 3.37 1 6 2007 16h55 72  km upstream from Espirito Santo Estuary
G7 26°  01"  24' 32°  51"  58' 40000 9.7 2.8 8 6 2007 12h15 84  km upstream from Espirito Santo Estuary
G8 26°  03"  27' 32°  44"  39' 50000 11.4 3.37 1 6 2007 18h30 96  km upstream from Espirito Santo Estuary
G9 25°  58"  07' 32°  37"  20' 55000 9.8 3.27 30 5 2007 18h50 108  km upstream from Espirito Santo Estuary
G10 25°  56"  58' 32°  41"  27' 60000 9.9 3.27 30 5 2007 15h25 120  km upstream from Espirito Santo Estuary
G11 25°  56"  41' 32°  47"  13' 65000 10.7 3.27 30 5 2007 17h30 132  km upstream from Espirito Santo Estuary
G12 25°  57"  49' 32°  53"  08' 70000 9.9 2.8 8 6 2007 15h45 144  km upstream from Espirito Santo Estuary
G13 25°  54"  07' 32°  49"  52' 75000 11.3 3.27 30 5 2007 13h45 156  km upstream from Espirito Santo Estuary
H1 26°  07"  43' 32°  41"  19' 15000 9.5 3.37 1 6 2007 13h20 36  km upstream from Espirito Santo Estuary
H2 26°  03"  27' 32°  44"  39' 50000 11.4 3.37 1 6 2007 18h30 96  km upstream from Espirito Santo Estuary
H3 25°  48"  58' 32°  43"  48' 80000 9.4 3.27 30 5 2007 15h45 168  km upstream from Espirito Santo Estuary
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APPENDIX G 
RAINFALL INFORMATION 
 
Rainfall for the years 2007-2009 in southern Maputo Province, Mozambique. 
 
 
 
 
 
 
 
 
 
 
Republic of Mozambique 
 
 
National Institute of Meteorology 
 
 
The rain season in Maputo is from October to March with an annual average rainfall 
of approximately 760 mm. The temperatures and humidity somewhat can drop  
during the drier winter months from April to September. The relative humidity can  
varied during a month from 58 % during June to 66 % in November.     
 
 
RAINFALL INFORMATION DURING 2007 TO 2009 IN SOUTHERN MAPUTO PROVINCE, MOZAMBIQUE 
             
YEAR JAN FEB MAR APR MAY JUN JUL AUG SEPT OCT NOV DEC 
             
2007 21.4 47.8 70.7 133.2 0 22.2 15.3 0 0 0 0 0 
2008 0 29.9 82.9 64.9 28.4 42.9 11.8 0 0 0 0 0 
2009 0 0 55.4 8.7 23.7 16.5 0 0 0 0 0 0 
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Appendix H 
INSTRUMENTATION USED 
 
Instrumentations 
 
Microanalyses were performed on two scales for each species from experimental group 
using a nuclear microprobe at Material Research Department, National Research 
Foundation (NRF)-iThemba LABS, South Africa. This microprobe is fundamentally 
based on 6 MV single ended Van de Graaff accelerator and uses Oxford Microprobe 
triplet lenses for beam focusing, (Prozesky, 1995 & Churms, 1993). 
 
The 15 m horizontal long flight path of the ions to the sample offers exciting possibil-
ities such as ultimate beam spot sizes obtainable but at the same time makes the 
Nuclear Microprobe (NMP) more susceptible to beam instabilities which in a vertical 
accelerator configuration invariably lead to vertical movement of the beam (see  
AppendixH1).
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Appendix H1 A schematic of the Van de Graaff accelerator and NMP layout at Material Research Department (MRD), NRF-iThemba LABS. The 
most important features are shown with distances between key points in mm (not drawn to scale). From top in a vertical position the 6 MV ter-
minals Dom, Collimators and Analyzing Magnet. In a horizontal beam line up Beam Profile Monitor, X-Y Steering Coils, Quadrupoles, Vacuum 
Valve, X-Y Object Slits, Collimators & Beam-on-Demand and X-Y Hallo Slits. In horizontal at the bottom Beam Stop, Switching Magnet, X-Y 
Scanning Coils, Microprobe Lenses and at the end NMP Chamber.  
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After the analyzing magnet the ions travel through the energy stabilization slits situ-
ated in front of the main beams top. Ions then pass through a quadrupole duplet for 
focusing of the beam at the object slits. Before the object slits, the beam passes 
through a switching magnet with a narrow entrance port in the Y direction (1.2 
mm), which is used for the beam lines at an angle to the NMP line. The primary 
beam allowed to pass through the object slits is defined by a circular water-cooled 
collimator with a diameter of 1 mm. This protects the slits from beam damage. The 
1 µA current in excess are easily transmitted through the collimator and can poten-
tially harm the object slits which seriously affects the ultimate beam size obtainable. 
 
Such variable slits should allow the use of intense beams with small settings of object 
slits where the aim is to reach the smallest beam spot size as much as possible. In 
this situation, these slits can be closed down to protect the object slits.  
In cases where beam spot size is not critical, the variable slits can be opened to allow 
more ions to go through the open object slits and impinge on the specimen. The 
flight path from object slits to the specimen is about more than 7.5 m with the halo 
slits situated 1 m from the sample. 
 
A schematic Nuclear Microprobe (NMP) chamber at the Material Research Group-
NRF-iThemba LABS, is the standard Oxford NMP chamber, Oxford Microbeam, see 
chapter 2, figure 2.2. The chamber has the diameter about 17 cm and 6.5 cm of high 
is pumped down with a diffusion pump backed by a roughing pump and the time re-
quired for pumping down the chamber to better than 6x10-6 torr in approximately 5 
min. This allows for quick sample changing and higher throughput. 
 
The isolated secondary electron suppression ring it is positioned in front of the target 
with the diameter of 3 mm it is applied a voltage of -1500 V used to collect the 
charge inside the chamber and after the target it is placed the Faraday cup for col-
lect any particle which pass through the target. 
 
The fish scales were bombarded with different beam energies of 1.5 and 3.0 MeV pro-
tons and 2.0 MeV of alpha beam on the surface of the scale and cross sectional. The 
quality of the specimens for further analyses was inspected using Leo 1430 VP scan-
ning electron microscope from SEM Unit at University of Cape Town. 
Proton beam energies of 1.5 MeV and 3.0 MeV protons and 2.0 MeV α-particles 
beam and current was kept between 100 pA and 150 pA to allow count rates below 
3000 c/s. Proton beam was focused to a 3x3 µm2 spot and its dimensions was not 
critical and raster scanned over the surface and cross sectional of the twenty two 
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scales for each group of species. The analyzed structures were always relatively large, 
of the order of few hundred micrometers.  
 
Proton Induced X-ray emission (PIXE) and Rutherford Backscattering Spectrometry 
(RBS) measurements were carried out simultaneously. The ladder moving vertical by 
small motor was used to fix the aluminum stub with the sample stuck on it with the 
carbon glue used to obtain information on the scale matrix and the accumulated 
charge received by the scale. External absorbers 25 µm Be and 125 µm Be were 
placed in between the PIXE Si (Li) and HPGe  detectors and the fish scale to atten-
uate the Ca X-ray intensity hence enhancing the detection sensibility for the higher 
energy X-rays from the heavier trace elements. However the filters absorbed the X-
rays from the lighter elements such as Cl, S, Ca, P, Si, and Mg, which are known to 
be present in fish scales.  
 
The scan size employed varied from 200 µm x 340 µm to 400 µm x 1760 µm, depend-
ing on the size of the specimen being measured. Two Si (Li) X-ray detector were al-
ternatively used a Link Pentameter X-ray detector of 80 mm2 active area and 8 µm 
window Be and PGT detector of 30 mm2. They were both positioned at 1350 to the 
incoming beam, about 30 mm from the specimen. Backscattered protons were detect-
ed with an annular Si surface barrier (SSB) detector, 100 µm thick placed at 1760, 
channeltron electron detector for secondary electron imaging, electron suppression 
ring in front and behind the specimen and the optical microscope at 450 with respect 
to the normal to the sample surface.  
 
One important device in the present microprobe set-up is beam-on-demand deflec-
tion, (Prozesky, 1995). It is applied to minimize the system dead time and by reduc-
ing time of exposure to proton beam also reduces the specimen damage. Depending 
on sizes of the fish scales, beam was scanned over areas from about 450 µm x 450 µm 
up to 2 mm x 2 mm. The total accumulated charge for the scanned areas varied be-
tween 500 nC and 12.5 µC for larger sizes, when the main aim was to obtain ele-
mental maps. 
The GeoPIXE programs was the software used for analysis of X-ray spectra Ryan, 
(1990) and Ryan, (1993). GeoPIXE software, Ryan, (1995) allows the analysis of thin 
to thick specimen X-ray spectra, with complete thick target corrections for beam 
stopping, X-ray attenuation and secondary fluorescence. The dynamic analysis (DA) 
is one of the major advantage of this package hence can perform elemental maps and 
capability of on-line semi-quantitative analysis of spectra, Ryan, (1993) and Ryan, 
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(1995). The on-line semi-quantitative analysis capability enhances the location of ar-
eas of interest on specimens where localization is difficult using the normal tech-
niques such as the total X-ray map of that area.  
 
 
 
 
 
 
Appendix H2 The magnetron sputter coater (Balzers BVC 010, Balzers, Liechtenstein) used to coat 
the samples with a layer of carbon that is approximately 10 nanometers thick. 
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Appendix H3 Leica/LEO-Stereoscan S440 and a schematic for a generic Scanning Electron Microscope 
Unit at University of Cape Town (UCT), SA 
 
 
 
 
 
 
Appendix H4 The Van Dorn water sampling apparatus (Duncan & Associates, Cumbria, United 
Kingdom) used in this study. 
 
 
 
3
Un
ive
rsi
ty 
of 
Ca
pe
 T
ow
n
page 185 
 
 
 
Appendix H5 The CTD probe (engaged in a steel frame) used in the determination of various water 
parameters such as conductivity, visibility, salinity and temperature. 
 
 
 
 
 
 
 
 
Appendix H6 The Van Veen grab sampler (Rick Hydrological Co., Columbus, Ohio, USA) used for 
sediment sampling. A typical sediment sample is also shown. 
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Appendix H7 Illustrate the fishing net along the sampling points in the rivers, estuary and bay in 
Maputo-Mozambique during 2007-2009, May. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Un
ive
rsi
ty 
of 
Ca
pe
 T
ow
n
page 187 
 
Appendix I 
POLLUTION IN MOZAMBIQUE 
 
Mercury vapours emanating from gold mining and mercury emissions in the Manica 
district, is indicated in Appendix a region in the Manica Province of Mozambique 
have been established (Rogers et al., 1978; Dondeyne et al., 2009).  
 
 
Pan African Resources (2012) 
 
The province has an area of 61 661 km2 but with a population of 1 359 923, (INE, 
2006). The district however has a population of 155 731 people. The region borders 
with the Republic of Zimbabwe in the west, the district of Gondola in the east, the 
district of Barue to the north through the Pungue River, and the district of  
Sussundenga in the south, which is bounded by the Revue and Zonue rivers. More 
than 10 000 individuals of population are directly involved in small-scale artisanal 
gold mining activities (garimpagem) as this is their main source of livelihood 
(MICOA & UNIDO, 2005; Dondeyne et al., 2009). Most of artisanal miners 
(garimpeiros) use mercury to extract gold from the mineral ore (GEF & UNDP, 
2005); the amalgation process recovers very little of that mercury, which pollutes the 
nearby environment (Veiga et al., 2004; Veiga et al., 2006; McDaniels et al., 2010). 
The majority of the mercury used pollutes local waterways and soil as well as  
threatening the plant and animal species in the area (Veiga, 2010). Mercury  
amalgamation results in the discharge of an estimated 1000 tons of mercury per  
annum, representing about 30 to 40 percent of the world‟s anthropogenic mercury  
releases (Veiga, 2010). 
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It is estimated that over 20 million people work as artisanal miners worldwide (Veiga 
et al., 2001; UN, 2002; Hentschel et al., 2002; Spiegel & Veiga, 2005). Health impact 
of mercury, the nervous system is very sensitive to all forms of mercury (Grandjean 
et al., 1992; Langworth et al., 1997; Mittelmark, 2001; WHO, 2007). Methyl mercury 
and metallic mercury vapors are more harmful than other forms, because more  
mercury in these forms reaches the brain (Clarkson, 1997; Boening, 2000; Godman & 
Shannon, 2001; Davidson et al., 2004). Exposure to high levels of metallic, inorganic 
or organic mercury can permanently damage the brain, kidneys, and developing fetus 
(Saleh & Doush, 1997; Chan et al., 2003; Chan & Egenland, 2004; WHO, 2009).  
Effects on brain functioning may result in irritability, shyness, tumors, changes in  
vision or hearing, and memory problems (USEPA, 2006; Agrawal et al., 2008;  
Herbert, 2008; Turkington & Harris, 2009). Short-term exposure to high levels of  
metallic mercury vapors may cause effects including lung damage, nausea, vomiting, 
diarrhea, and increases in blood pressure or heart rate, skin rashes (Goyer et al., 
1996; Roberts, 1999; UN & WHO, 2001; Risher & Amler, 2005; Martin & Griswold, 
2009). 
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